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FOREWORD

The Reactor Development Program Progress Report, issued
monthly, is intended to be a means of reporting those items
of significant technical progress which have occurred inboth
the specific reactor projects and the general engineering re-
search and development programs. The report is organized
in accordance with budget activities in a way which, it is
hoped, gives the clearest, most logical overall view of prog-
ress. Since the intent is to report only items of significant
progress, not all activities are reported each month. In
order to issue this report as soon as possible after the end
of the month editorial work must necessarily be limited.
Also, since this is an informal progress report, the results
and data presented should be understood to be preliminary
and subject to change unless otherwise stated.

The issuance of these reports is not intended to constitute
publication in any sense of the word. Final results either
will be submitted for publication in regular professional
journals or will be published in the form of ANL topical
reports.

The last six reports issued
in this series are:

March 1969 ANL-7561
April-May 1969 ANL-7577
June 1969 ANL-7581
July 1969 ANL-7595
August 1969 ANL-7606

September 1969 ANL-7618
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REACTOR DEVELOPMENT PROGRAM

Highlights of Project Activities for October 1969

EBR-II

The reactor was shut down on October 16 for scheduled maintenance,
installation of reactor modifications, and installation of the instrumented
subassembly. It has achieved a cumulative operational total of 30,040 MWd
prior to the shutdown.

Preferred orientation induced during fuel fabrication has been found
to be responsible for anomalous shortening of vendor-produced Mark-IA
fuel during irradiation. The preferred orientation, or texture, is believed
to result from stress on the fuel pin during transformation from the gamma
to the alpha phase while the pins were being centrifugally bonded. (Pins
produced by impact bonding in the cold line of the Fuel Cycle Facility have
nearly random orientation and do not shorten during irradiation.) Tests
have shown that irradiation shortening of centrifugally bonded pins is pre-
vented by heat treating the pins before they are irradiated.

ZPR-3

After the standard stainless steel matrices were aligned and the new
back-mounting plates installed, the construction of Assembly 58 on ZPR-3
began. To study persistent errors in the calculation of central reactivity
worths in plutonium cores, two "benchmark" reactors, Assemblies 58 and
59, both simple-composition Pu-carbon cores, will be studied. One will

have a depleted uranium reflector; the other will be lead-reflected.
»

ZPR-6

Calculation of the sodium-void coefficient for Assembly 5, a 2700-
liter uranium carbide core, has been made by 1-D and 2-D diffusion methods
and compared with measurements. Agreement was within 20% at the core
center. Fuel loading of Assembly 6A, a 4000-liter 2*°U core, is about 80%
complete.

ZPR-9

Measurements have been made in three different null-reactivity
zones in Assembly 25 to determine capture and fission rates in 2*°U, 2*%py
and ®8U. The first two zones involved depleted and enriched uranium, the
third depleted uranium and 0.95 kg of plutonium. Reactivity worth of each
constituent was measured in each zone; additional materials and other
parameters were studied in the first zone.

Assembly 25 has been unloaded from the reactor and preloading for
the FTR-3 assembly has begun.



ZPPR

The reactivity worth of the peripheral control ring in FTR-2 has
been obtained in a step-wise removal experiment; comparison with calcu-
lation has shown satisfactory agreement. Subsequently a sodium-stainless
steel shield with an azimuthal span of 80 degrees was added to the full
length of the core plus the axial reflector of the assembly. Its reactivity
effect was +0.048% Ak/k. To simulate fuel storage, 25 kg of fissile mate-
rial of core composition was substituted for shield composition in the shield
region. The reactivity effect of the stored fuel was =0.4 Ih.
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I. LIQUID METAL FAST BREEDER REACTORS--CIVILIAN

A. Physics Development--LMFBR

1. Theoretical Reactor Physics

a. General Fast Reactor Physics

(i) Reactor Dynamics (D. A. Meneley)

Last Reported: ANL-7618, pp. 2-4 (Sept 1969).

(a) QXI1--Coolant-voiding Case. One of the problems
associated with the use of reactivity feedback tables in LMFBR safety-
analysis codes* is the interdependence of the various feedback terms.

An example of such interdependence is that between the Doppler and
sodium void. Sodium voiding hardens the spectrum, therefore decreasing
the statistical weight of the resonance energy range in the system multi-
plication. Therefore, in terms of a coefficient formulation of the Doppler
feedback, sodium voiding reduces the size of the coefficient. Negative
fcedback accumulated due to any temperature rise from initial conditions
up to the start of voiding is reduced, typically by a factor of two for
complete voiding.

A simple model relating the Doppler coefficient to
sodium volume fraction has been applied in at least one instance.** This
model may be capable of reducing errors such as are described below,
due to the interaction effect. It has two weaknesses. First, the local
spectral shift depends on the void size as well as on sodium fraction.
Second, the temperature dependence of the Doppler feedback varies with
spectrum. It is not feasible to construct a reactivity table which accounts
for these two effects, either by the criterion of reasonable simplicity or
that of reasonable cost. Cost is important because of the large number of
static-flux calculations which would be needed to prepare the table entries.
If a third interactive feedback term is added, such as gross fuel redistri-
bution in space, the situation degenerates still further. Simple cases may
be run with the QX1 code to permit estimates of the magnitude of inter-
action effects.

The problem described below is based on the same
reactor as was studied previously (see Progress Report for July 1969,
ANL-7595, pp. 5-7). The initial conditions were changed by setting the
axial buckling to zero, then readjusting the zone enrichments in the core

*Fox, J. N., et al., GEAP-5273 (1966); Agrawal, A. K., et al., ANL-7607 (to be published).
**MacFarlane, D. R., et al., Theoretical Studies of the Response of Fast Reactors during Sodium Boiling
Accidents, Proc. Int. Conf. on the Safety of Fast Reactors, Aix-en=-Provence (1967).




to obtain a critical system. This was
done in order to eliminate uncertainty in
the model due to the variation of axial
buckling with sodium density. The new
critical enrichments (Pu/U+Pu) were
0.12936 and 0.16778 in core zones 1 and 2,
respectively. The excursion was initiated
by a uniform linear decrease in sodium
density with time, goingtozeroat 0.160 sec.
This case is very roughly similar to a
flow coastdown accident driven by coolant
voiding. The initial reactivity ramp rate
defined in the point kinetics sense was
$41.438/sec; however, the reactivity rate
was reduced significantly with time due

to the nonlinear dependence of diffusion
coefficient on sodium density.
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The amplitude function for this
case is shown in Fig. I.A.1. Referring to

(o] 0.02 0.04 0.06
LNE the equivalent plot in ANL-7595, Fig. I.B.1,
Fig. I.A.1. Amplitude Function following p. 7, it is seen that the discrepancy be-
Uniform Sodium Voiding Ini- tween point and spatial kinetics at the first
tiated at t = 0 peak in that case was around 2%. (This

peak-flux discrepancy was found to be in-
dependent of ramp rate up to ~$50/sec.) Figure I.A.1 shows a first-peak
discrepancy of over 10%, attributable largely to the neglect of the coolant-
void spectrum change in the point kinetics case. The excess energy at
0.070 sec was 47% higher than that given by point kinetics.

(ii) Analysis of Neutronic Characteristics of Reactors and
Fuel Cycles (D. A. Meneley)

Last Reported: ANL-7595, pp. 8-12 (July 1969).

At the request of Oak Ridge National Laboratory, mass-
balance data have been extracted from two fuel-cycle problems which
were done in connection with a small series of survey calculations re-
ported in ANL-7595. The reactor was taken from one of the recent
1000-MWe studies as being representative of a stainless steel clad and
structure design with oxide fuel and sodium coolant. The volume fractions
were the same as those listed for "Core 1" in Table I.B.4 of ANL-7595,

p- 9. Calculations were performed for the "Reference" and "Mo Clad"
cases. The two cases were identical geometrically; dimensions are listed
in Table I.A.1. Subdivisions of the reactor into burnup regions for the
calculation are also shown.




TABLE I.A.1. Reactor Geometry

Ring Radium (cm)

Radial Dimensions

Core
Zone 1 i 7.60
2 20.10
3 33.11
4 46.21
& 5583
6 72.46
b 87.38
Core { 8 96.98
Zone 2 9 107.07
Core
Zone 3 10 123:74Q
Radial i 136.94
Blanket 12 150.21
Reflector 13 163.40
Axial Dimensions (Axial symmetry assumed)®
Region Height (cm)
Core 1 3810
Axial 2 50.80
Blanket { 3 63.50
e 76.20
Reflector 5 129.54

2Axial regions extend radially through all radial rings.
Radial blanket and reflector replace "axial blanket" des-
ignations outside outer core radius.

The calculations were carried out with the two-dimensional
synthesis fuel-cycle program SYNBURN, which has been checked with
favorable results against the direct two-dimensional fuel-cycle code
BURN2D.* The equilibrium calculation with fixed feed isotopic distribu-
tion was performed; cycle time was adjusted to achieve an average core
discharge burnup of 104,500 MWd/MT, and charge enrichment was adjusted
so that the unpoisoned k¢ at the end of cycle was 1.0. Fluxes were re-
calculated at each of five time nodes during the converged cycle time of
309.5 full-power days. A tantalum shim control (in ring 9) was adjusted at
each of these nodes to maintain criticality. Scatter-reload fuel manage-
ment was used. In core zones 1 and 2, half the subassemblies were refueled

*Toppel, B. J., ANL-7332 (1967,



at each cycle. In core zone 3, one third were refueled (zone 3 differs from
zone 2 only in the batch fraction). The inner radial blanket was refueled in
thirds, and the outer in quarters.

Midequilibrium cycle masses are given in Table I.A.2 for
the reference reactor and the molybdenum-clad case.

TABLE I.A.2. Midequilibrium Cycle Loadings (kg)

Al Radial Blanket

Isotope Zone | Zone 2 Zone 3 Blanket Row 1l Row 2

(a) Reference Core

U-235 0 0 0 57 18 22
U-238 5290 2500 2500 14,600 7660 8520
Pu-239 633 387 387 274 160 126
Pu-240 20T 182 184 9 5 4
Pu-241 85 65 64 ~0 ~0 ~0
Pu-242 Sir &5 25 ~0 ~0 ~0

(b) Molybdenum Clad

U-235 0 0 0 40 20 23
U-238 5113 2402 2411 14,749 5 8565
Pu-239 703 453 457 201 1EB7S 90
Pu-240 319 215 218 el 8 2
Pu-241 103 82 83 ~0 ~0 ~0
Pu-242 43 29 29 ~0 ~0 ~0

The molybdenum-clad substitution case does not represent
a proper redesign of the reference system in any way. For example, it is
not clear that a reactor designed for molybdenum clad would have the same
fuel volume fractions as the reference case, since each fuel pin design
would be based on optimizing the overall system. The whole purpose of
the analysis was to estimate the magnitude of penalties involved with such
refractory clad substitutions in a reference reactor designed for steel clad.

2. Experimental Reactor Physics

a. Fast Critical Experiments--Experimental Support--Illinois

(i) Pulsed, Cross-correlation, and Noise Measurements
(€. £’ Cobn)

Not previously reported.

(a) Simple Turn-on Initialization for Digital Systems. When
power is applied to a digital system, measures must be taken to insure that
the flip-flops in the system will be initialized to the correct state. Also,




destruction of memory contents by the turn-on transient must be prevented.
Currently, these functions are performed by various "system normalizers,"
"initial-condition drivers," and other more or less elaborate arrangements.

The initialization can be done more simply and eco-
nomically with the power switch arrangement shown in Fig. I.A.2.* Here
the power switch is a two-pole, three-position rotary with shorting contacts.
The extreme positions of this switch are the OFF and ON positions; the

middle position is traversed during every
cosero & i d orev 0 switching operation. One of the poles
INITIALIZE P 4 INITIALIZE - o .
switches the power, while the other switches

o | POWER the initialization circuit.
s CIRCUIT

OFF ON

In the OFF position, the power cir-
cuit is open, but the initialization circuit
is closed. On switching to the middle posi-
tion, the power comes on, but the initializa-
tion is held without interruption by the
shorting contacts. Switching to the ON position opens the initialization
circuit with no interruption to the power.

Fig. LA.2. Power Switch Incorporating
Initialization Circuit

On turnoff, an analogous sequence takes place. Switch-
ing from the ON position to the intermediate position actuates the initializa-
tion with no interruption in the power. Switching to the OFF position brings
down the power while holding the initialization during the turn-off transient.

The above description applies to an initialization circuit
that closes to initialize. A circuit that opens to initialize would be connected
differently than shown in Fig. I.A.2. Additional initialization circuits could
be connected to additional poles.

Ordinarily, solid-state power supplies come to equi-
librium after turn-on in just a few cycles of the line voltage. Therefore,
normal operation of the switch would give enough dwell time in the middle
position to wait out the turn-on transient, with no conscious pause or hesi-
tation required.

b. FFTF Critical Assembly Experiments--Planning and
Evaluation (A. Travelli)

Last Reported: ANL-7618, pp. 6-9 (Sept 1969).

(i) Calculation of the Worths of Various Control Clusters in
FTR-2. The worths of peripheral control clusters in FTR-2 are of
special interest in the FFTEF critical program because such values can be

*Cohn, C. E., Simple Turn-On Initialization for Digital Systems, Electronic Design 17 (No. 13), 78-179
(June 1969).




related directly to the work of the peripheral control system of FFTF and
of the next critical assemblies (FTR-3 and engineering mockup). The ex-
periments in which the control ring of FTR-2 was gradually removed in
preparation for the shielding experiments provide an excellent test of the
computational methods used to calculate the worth of such a control
cluster. The experiments are described in detail in Sect. I.A.4.d.

The nominally two-drawer-thick peripheral control ring
of FTR-2 was progressively removed in the course of these experiments,
in such a manner that the configuration of the peripheral control system
resulting at the end of each step would approximate to some extent an
intermittent ring of equally spaced square control clusters made up of
four matrix tubes. These conditions would make it possible to approximate
closely, if not exactly, the FFTF peripheral control system.

The rather large increase in reactivity that accompanied
the removal of control material at each step was compensated approxi-
mately by depleting a small central region of the core of fissile elements.
This procedure made it possible to measure accurately the change in
reactivity occurring at every step of the experiment, because the multi-
plication constant of the reactor was at all times very close to unity.

The calculation of the reactivity worths of various numbers
of control ring drawers inserted in 2 x 2 clusters at a position located in
the FTR-2 reflector and adjacent to the core boundary was performed in
the DIFF-2D diffusion code,* in R-6 geometry and with cross-section
set 29601 (see Progress Report for November 1967, ANL-7399, pLaT)

This cross-section set contains only six energy groups and is the most
convenient set currently available at ANL for use in preliminary calcula-
tions of this type, even though it was prepared for a somewhat different
composition considered during an earlier stage of the FFTF critical program.

The core and reflector compositions and dimensions used
in the calculations were those of Assembly ZPPR/FTR-Z (see Progress
Report for April-May 1969, ANL-7577, p- 42; for July 1969, ANL-7595,

Pp- 24-26). In the R-6 formulation of the problem, a pair of control-ring
matrix tubes in the reflector adjacent to the core are represented as the
section of an annulus whose radial thickness is the thickness of two drawers
and whose angular arc is such that the area of the annular section is equal
to the cross-sectional area of two matrix tubes. This section of annulus is
placed next to 6 = 0, with a reflective boundary. Thus the basic size of the
unit of control composition is a cluster of four matrix tubes, occupied by
eight drawers. By specifying the other angular boundary of the problem

as being reflective and at 6 = 71/n, the resulting configuration considered

in the calculation corresponds to a cylindrical core with n four-tube control

*Toppel, B. J., ANL-7332 (1967).




BT T e clusters. ‘The values of m = 9, 18, and 27
S ,/‘"64 used in this analysis lead to three of the
|2 cmun.mou\’g,/(; —| four calculated points shown in Fig. I.A.3.
s For each of these points the Ak in per-
okl T ,'0/\ 7| cent is the value of kgfs calculated in the
* © EXPERIMENT %
& 51 5 | DIFF-2D problem minus the value of keff
/d‘{ calculated for the same assembly with the
i —| control ring replaced by reflector material.
i gt | The DIFF-1D code was used for the latter
& problem. In both types of problem the
s T R I axial leakage was simulated by a DB?
o 32 64 96 128 160 192 224
NUMBER OF CONTROL RING DRAWERS absorber. The value of transverse buck-
: -4 -2
e TR T S 11ng used. (6.064 x 10 cm ) was the one
tivity on the Number of which, with cross-section set 29601, gave
Control Drawers in FTR-2 the same kg for Assembly ZPPR/FTR—Z

when the calculation was run for a one-
dimensional cylindrical problem as when the calculation was run for a
two-dimensional RZ problem (keff = 1.0048).

Every experimental point in Fig. I.A.3 corresponds to a
loading whose keff was determined experimentally and which was obtained
from a previous loading by reducing the number of the control drawers.
The abscissa of the point indicates the number of control drawers in the
loading. The ordinate of the point indicates, with a reversal of sign, the
sum of the changes in reactivity measured during all subsequent removals
of control material. Thus, the ordinate of any experimental point corre-
sponds closely to the total worth of the control drawers indicated by the
abscissa. This representation does not take into account the effect of the
depletion in the small central zone of the core on the worth of the control
drawers, nor does it take into account the difference between intermittent
annulus of control material and the rather irregular configurations used
in the experiments; these effects should be rather small, however, and
may be neglected in preliminary calculations.

The comparison of the calculated control worths with the
experiments, as shown in Fig. I.A.3, is quite satisfactory. In particular,
the figure indicates excellent experimental verification of the curvature
of the calculated curve, which indicates the mutual shielding that control
clusters exert on each other as they are moved closer and closer together.

3. ZPR-6 and -9 Operations and Analysis

a. Zoned Critical Experiments (L. G. LeSage)

Last Reported: ANL-7618, pp. 9-10 (Sept 1968).

(i) ZPR-9 Assembly 25 Experiments. The experiments with
ZPR-9 Assembly 25 have been completed. These measurements were made




for three different null-reactivity zones in Assembly 25. The unit-cell
null drawer loadings of each of the null zones is given in Table I.A.3.
Zone 1 was loaded first and included the entire central test zone of the
assembly. After completion of the measurements with Zone 1, the central
21 drawers in each half were loaded to form Zone 2. Because approval to
load more than one kg of plutonium into ZPR-9 had not yet been received,
Zone 3 consisted of only the front 3 in. of 5 drawers in each half. The
total plutonium loading in Zone 3 was about 0.95 kg. The null composition
was carefully determined in each zone, and the reactivity worths of each
of the constituent materials were measured. Detailed fission and capture
rate measurements were also made in each null unit-cell. The important
fission and capture rates, Czs/fzsy fzs/fzs' f49/f25, cza/f”, fzs/f”, OLZB, and

a*? can be determined from this data for the appropriate unit cells.

TABLE I.A.3. ZPR-9 Assembly-25 Null-zone
Drawer-loading Arrangements

Zione 1:0 1/16- AL /A D132 By 3/ 85D 01 /3B L] (D002 5EAT,
0.035 D, 3/16 D, 1/32 E, 3/8D, 1/32 E, 1/4 D, 1/16 Al

Zone 2: 1/16 Al, 7/8 D, 1/8E, 7/8 D, 1/16 Al

Zone 3: 1/4 stainless steel frame, 11/16 D, 1/8 ZPR-3 Pu, 3/4 D,
3/16 Al

Note: All dimensions are in inches. E, D, Al, and Pu designate,
respectively, enriched uranium, depleted uranium, aluminum
(45% dense), and plutonium-aluminum alloy.

The following additional measurements were also made
with Assembly 25, Zone 1:

(a) Both a®® and a*? were measured by the reactivity-
reaction rate method.

(b) The perturbation denominator was measured. -

(c) The central reactivity worths of a number of addi-
tional materials were measured.

(d) Radial ?**U, aluminum, and stainless steel reactivity
traverses were made to test the spectral convergence in the zone.

(e) The radial and axial activation traverses were made
with #*°U and #**U foils.

(f) A series of central null-composition reactivity
measurements were conducted to check experimentally some aspects of

the null-reactivity technique. These measurements were made with both
Zone 1 and Zone 2.



b. Coolant Reactivity Experiments (R. A. Karam)

Last Reported: ANL-7513, pp. 15-20 (Oct 1968).

(i) Analysis of Sodium-void Coefficient. The measured values
of the sodium-void coefficients in Assembly 5 of ZPR-6, the 2700-liter
uranium carbide core, have been reported previously.* Those results have
recently been analyzed with ENDF/B data. The analysis reported here
pertains to the measurements in the axial direction comprising the deter-
mination of the void coefficient in sections 4 in. long in the 9 central
drawers per half (equivalent outer radius of 9.35 cm).

Two cross-section sets were generated for the homogeneous
composition of Assembly 5 for the configurations with and without sodium.
The resonance-region 2387 cross sections were corrected in both sets for
spatial self-shielding according to equivalence theory. Finally, the sets
were weighted with the fine structure of the fluxes in the unit cell.

Three sets of calculations and the measured values are
comparedin TableI.A.4. The first-order perturbation (FOP), one-dimensional
diffusion calculations were performed with the MACH-1 code, using the set

TABLE 1.A.4. Measured and Calculated Sodium-void Coefficient as a Function
of Axial Direction in Normal Loading of Assembly 5 of ZPR-6

Sodium-void Coefficient

Sodium

Weight Measured® Calculated (Ih/kg)

Sections Voided AZ2 (cm) (kg) Ih/Section Ih/kg Na 1-D DiffusionC 2-D Diffusiond
A 0.0-5.08 0.886 1.02 115 0.591 0.509€ (0.797)f
B 0.0-10.16 L7712 1.98 L12 0.582 0.473 (0.779)
e 10.16-20.32 1.955 1.90 097 0.420 0.350 (0.628)
D 20.32-30.48 1.955 0.85 0.44 0.116 0.081 (0.333)
E 30.48-40.64 1.955 -0.40 -0.20 -0.287 -0.264 (-0.061)
F 40.64-50.80 1.955 -2.00 -1.02 -0.732 -0.640 (-0.494)
G 50.80 1.955 -2.64 =135 -1.161 -0.959 (-0.857)
H 60.96-71.12 1.955 -3.00 -1.54 -1.518 -1.108 (-1.050)

All Sections

(Measured or

Calculated) 0.0-71.12 13.502 -3.95 -0.293 -0.2528 -0.341 (-0.116)

All Sections

(Summed) 0.0-71.12 13.502 =331 -0.245

dAZ is the axial length of each section in each half of the core.

b‘rypical uncertainty in each measurement was 0.10 |h (1% Ak/k = 476 Ih).

CCalculated with the set appropriate to the sodium-in configuration with one-dimensional (1-D) diffusion
code and first-order perturbations.

dpifference in k calculation.

€Calculated with set appropriate to sodium-in configuration.

f Calculated with two sets; one for the sodium-in and one for the sodium-out configurations.
9pifference in k calculation with change in reflector savings due to sodium removal taken into
consideration.

*Karam, R. A., et al., ANL-7310 (1968), p. 167.
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appropriate for the sodium-in configuration.

In these calculations the un-

perturbed fluxes, assumed to have a cosine axial distribution, were used.
It is seen that the spectral component of the sodium-void coefficient
(according to FOP the value in Sect. A is 98% spectral and 2% leakage) is

incorrectly predicted.

values improved as a function of Z, the axial height.

The agreement between the calculated and measured

The spectral compo-

nent fraction of the void coefficient decreases as a function of Z, and in

Sect. H the coefficient is 95% leakage and 5% spectral.

Thus the improve-

ment in agreement was primarily due to the leakage component and might
be fortuitous since the unperturbed fluxes, assumed to have cosine dis-

tribution, were used.
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Fig. L.A.4. Comparison of Perturbed and
Unperturbed Fluxes due to
Sodium Voiding in a 2-in.
Section at Core Center

A check on these assumptions
was obtained with two-dimensional
diffusion, k calculations, using the
same cross-section set. The results
show that at the core center, where
the leakage component is nil, the
unperturbed fluxes increased the co-
efficient by 15-20%. Comparison of
the perturbed fluxes due to sodium
voiding in Sect. A with the unper-
turbed fluxes in group 1 (10-3.68 MeV),
group 15 (4.3-2.6 keV), and group 22
(0.10-0.029keV) is shown in Fig. I.A.4.
It is seen that the perturbation in
groups 1, 15, and 22 is significant.
The two-dimensional results also
show that the axial distribution of
the fluxes does not have a cosine
shape.

The last of two-dimensional
diffusion, k calculations (values in
parenthesis) were obtained using
two different cross-section sets:
one for the sodium-voided region
and one for the normal core compo-
sition. Although the size of the
voided region may notbe large enough
to justify the use of cross sections
averaged with the fundamental-mode
spectrum of the sodium-free core,

a difference in k of only 0.2% was
calculated with the two sets for the
homogeneous composition of Assem-
bly 5 without sodium. This indicates
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that the difference between the values calculated with two-dimensional
diffusion is due to the spatial self-shielding correction to the 2*®U cross
sections and the weighing with the fine structure of the fluxes.

The calculated coefficients shown in Table I.A.4 should
be multiplied by 1.10, the ratio of calculated to measured normalization
integral.* With this correction the calculated and measured values are
within 20% of each other at the core center. The agreement in Sect. H
is worse, however, indicating that the previous agreement with the FOP
value was fortuitous.

4. ZPR-3 and ZPPR Operations and Analysis

a. Routine Operation of the Critical Facilities (P. I. Amundson
and R. G. Matlock)

Last Reported: ANL-7618, pp. 10-11 (Sept 1969).

(i) ZPPR Operation. Operation of ZPPR has been entirely
devoted to the FTR Program. Major activities included boron control-
ring removal, neutron spectra, and reaction-rate traverse measurements.

(ii) ZPR-3 Operation. All materials used in Assembly 57
have been unloaded and placed in storage. The special aluminum matrix-
tube bundles have been replaced with standard stainless steel tubes and
the matrices have been aligned.

New back-mounting plates have been installed on the
assembly. Installation of control-safety rod drives for Assemblies 58
and 59 (simple-composition Pu-C cores) has begun.

(iii) Computer Development. Modifications have been made to
the data-system routines to type a "done" message to the Remote Teletype
indicating extraneous interrupts received from the Multiplexor. There is
no way to disregard the extraneous interrupt since one data word is taken
for each interrupt and decoding of the extraneous data is already in prog-
ress before it is possible to determine if extra interrupts have occurred.
When the "done" message is received, the operator may reinitialize the
data-system routines and continue taking data.

A reactivity-traverse CRT display was added to the data
systems allowing for live display of rod position versus count rate.

With the gradual expansion of data-acquisition techniques,
utilization of an expanded monitor system is necessary. Efforts have been
initiated to update all software source decks to the most recent monitor-
system releases.

*Karam, R. A., Nucl. Sci. Eng. ﬂ, 192 (1969).
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An XY plotter program to plot the analyzed data from
reactivity traverse runs has been written.

A program has been completed to read the incremental
magnetic-tape data-acquisition system, convert the thermocouple readings
to temperatures, and log the results.

b. Clean Critical Experiments (P. I. Amundson)

Last Reported: ANL-7618, pp. 11-15 (Sept 1969).

The essential purpose of the construction of ZPR-3 Assem-
blies 58 and 59 is to study the persistent error in the calculation of central
reactivity worths. These assemblies will be constructed with a single-
drawer core cell, which consists of two plutonium-aluminum plates and
fourteen graphite plates, and thus these systems also form a natural con-
tinuation of the series of "benchmark" physics assemblies. The cell differs
from the cell of Assembly 53 in that the mixed-fuel column has been re-
placed by a second plutonium column (and a graphite column). This gives a
core with no U-238 present, and a lower critical mass and volume. The
effect of moving the two fuel columns together may be studied.

The two assemblies will differ from each other in the reflector.
One will be 12 in. of depleted uranium blocks; the other will be 12 in. of
blocks of lead.

TABLE LA.5. Composition of ZPR-3 Ereluninatyivalabn
Assemblies 58 and 59 compositions of the core, as used in

(10**atoms/cc) the design calculations, are given in
Table I.A.5. The standard single-

Reflect

e SCORRT e S G drawrdy iTore feallis: CCCC Pu
Isotope Core Uranium Lead CCCCCCC Pu CCC, where each
Pu-239  0.002138 plate is 0.125 in. thick and Pu rep-
Pu-240  0.000102 resents a ZPR-3 Pu/Al plate. Cross
Pu-241 0.0000098 sections in 24 groups were prepared
él g'gzgigz from MC? using ENDF/B data.
U-235 ) ARG Because of the importance of the
U-238 0.03998 Doppler calculations to safety cri-
Fe 0.007429 0.004540  0.004540 teria for ZPR-3, the Pu-239 fission
Cr 0.001978  0.001209  0.001209  and capt ; ;
Ni 0.000809 0.000494 0.000494 = ure. b
Pb ol energy region between 275 eV and

25 keV were obtained (at 300°K) from
the IDIOT Code, and below 275 eV
from the RABID Code. Recent values of the Pu-239 resonance parameters
were used. Cross sections were also found for the cell with two fuel-plate
columns moved together. The cross sections for the uranium reflector of
Assembly 53 were used, and lead cross sections were adapted from the
Bondarenko data.



Spherical MACH-1 calculations were run using both fuel-plate
configurations and both reflectors. The critical radii for the uranium and
lead reflectors with the plates separated were 30.4 and 28.3 cm, giving
critical masses (Pu-239 + Pu-241) of 100.6 and 80.5 kg, respectively, both
well below the permissible 430 kg plutonium. Moving the plates produced
changes =0.1 kg in the critical masses. The central spectra for the four
cases are compared in Table I.A.6. The only significant differences are
in the last few groups where the reduced resonance self-shielding in the
plates apart remove more of the low-energy neutrons. The central spec-
trum for Assembly 53, calculated with the standard ENDF/B Pu-239 data,
is also shown. The adjoint for one case is given in the last column.

TABLE I.A.6. Normalized Central Spectra

Plates Plates Plates Plates Adjoint,2
Lower Together, Apart, Apart, Together, Plates Apart,
Group Energy U Reflector U Reflector Pb Reflector Pb Reflector Assembly 53 U Reflector

1 3.68 MeV 0.0294 0.0295 0.0288 0.0287 0.0254 6.664
2 2.31 0.0544 0.0547 0.0538 0.0536 0.0458 6.827
3 135 0.0888 0.0893 0.0888 0.0883 0.0732 6.896
4 821 keV 0.0964 0.0969 0.0970 0.0965 0.0824 7.165
5 498 0.0935 0.0940 0.0947 0.0942 0.0869 7.518
6 302 0.0852 0.0857 0.0866 0.0861 0.0849 7.842
7 183 0.0761 0.0765 0.0774 0.0770 0.0791 8.120
8 111 0.0669 0.0673 0.0681 0.0677 0.0712 8.376
9 67.4 0.0601 0.0604 0.0611 0.0608 0.0651 8.569
10 40.9 0.0541 0.0544 0.0549 0.0546 0.0593 8.753
1 2.8 0.0472 0.0475 0.0478 0.0475 0.0523 8.966
12 15.0 0.0425 0.0428 0.0428 0.0426 0.0478 9.124
13 9.12 0.0379 0.0380 0.0379 0.0377 0.0428 9.265
14 5.53 0.0318 0.0320 0.0317 0.0315 0.0363 9.386
15 335 0.0286 0.0287 0.0283 0.0282 0.0326 9.510
16 2.03 0.0249 0.0249 0.0244 0.0244 0.0279 9.747
17 961 eV 0.0294 0.0291 0.0284 0.0287 0.0335 10.153
18 454 0.0212 0.0206 0.0201 0.0207 0.0238 10.996
19 215 0.0097 0.0092 0.0090 * 0.0095 0.0106 11.616
20 61.4 0.0171 0.0150 0.0148 0.0169 0.0167 12.049
21 13.7 0.0040 0.0030 0.0030 0.0040 0.0022 11.594
2 3.06 0.0006 0.0004 0.0004 0.0007 0.0002 11.743
23 0.683 0.0002 0.0001 0.0001 0.0002 0 11.276
24 0.0028 0 0 0 0 0 14.489

aUnnormalized.

The basic configuration (fuel columns separated and a uranium
reflector) was converted to a cylinder (L/D = 0.9; shape factor = 0.95)
giving a half-height very close to 10 in. and a radius corresponding to a
loading of 81 drawers in each half of the reactor matrix (106 kg Pu-239 +
Pu-241). For the lead-reflected system, the critical loading will be about
65 drawers in each half (85 kg Pu-239 + Pu-241).

c. Doppler Experiments (R. E. Kaiser)

Last Reported: ANL-7618, p. 15 (Sept 1969).

The final tests and modifications of the Doppler mechanism
have been completed. A small leak at an electrical connection in the
vacuum manifold was repaired.

13
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P_wave resonance effects for the analysis of the U-238 re-
activity Doppler experiment in ZPR-3 Assembly 53 have been evaluated.
P-wave resonances in the unresolved region contribute about 2% of the

total reactivity change.

d. Mockup Critical Experiments (W. P. Keeney)

Last Reported: ANL-7618, p. 17 (Sept 1969).

The experiments with ZPPR Assembly 1 continued. This
ZPPR assembly is the Assembly 2 of the FTR Resumed Phase-B Critical
Experiments Program (FTR-2). With the completion of the ZPPR annual
containment tests, the shield portion of FTR-2 experimental program
was begun. Reported here are the results of the control-ring removal,
the shield installation, and the fuel-storage experiment. The proton-
recoil spectrum measurements were done in the shield and reflector,
and the radial reaction-rate traverses of Pu-239, U-238, and B-10 have
been measured with traverse counters at axial elevations of 3 and 22 in.

These data are now being processed.

(i) Core Depletion, Control-ring Removal, and Shield
Addition. The shield experiment required the removal of the B,C control
ring from the FTR-2 assembly. Replacement of the control ring with a
radial reflector was performed in steps, with the resulting reactivity
effects compensated by alternately substituting depleted uranium for the
plutonium fuel in the central region of the core. Control-ring material
was symmetrically removed from each of the assembly quadrants when-
ever possible. The step-wise substitutions performed in removing the
control ring and establishing a critical configuration are summarized in
Table I.A 7, Loadings 96 to 114. The reference for this experiment,
Loading 1-96, is identical to the ZPPR FTR-2 Reference Critical
Configuration (see Progress Report for July 1969, ANL-7595, p. 25).
As the core depletion and control-ring removal proceeded, the subcriti-
cality of resulting configurations was measured using the inverse-kinetics
method, and the results are given in Table I.A.7. As shown, approxi-
mately 29 kg of fissile mass was removed from the core to compensate
for the substitution of radial reflector for the control ring.

The subcriticality data presented in Table I.A.7 were
evaluated using two sets of delayed-neutron fractions: those correspond-
ing to the ZPPR FTR-2 Reference Critical Configuration (see Progress
Report for July 1969, ANL-7595, p. 24) and those listed in Table I.A.8.
The effect on the calculated kex values was insignificant.



TABLE I.A.7. ZPPR FTR-2 Core Depletion, Control-ring Removal, and Shield-addition Loading Summary?

Radial Reflector

Composition Substituted
for Control Composition,

No. of Control-ring
Drawers Remaining

Depleted U Substituted
for Pu Fuel

Total Fissile Mass
in Halves 1 and 2

Loading No. Matrix Position (Halves 1 and 2@ Matrix Position (kg Kex (% K/
9% Reference 240 = 527.041 +0,086 + 0.001
9 = 240 137-31 525,043 -0.480 + 0.030
98 144-28  145-29 234 = 525.043 ”

144-29
» 130-28  130-d6 24 = 525,043 -0.159 + 0,005
130-29  144-45
130-45  144-46
-(145-29)
100 . 224 136-37 519.050 -1618
137-36
137-38
138-37
101 125-38  145-29 200 o3 519.050 =
125-39  145-30
126-38  148-35
12639 148-36
129-44  149-35
129-45  149-36
102 129-29  138-48 176 = 519.050 -0.800 + 0.070
129-30  138-49
135-25  139-48
135-26  139-49
136-25 145-44
136-26  145-45
103 134-25  140-25 160 - 519.050 =
134-26  140-26
134-48  140-48
134-49  140-49
104 1B1-27 14327 144 = 519.050 -0.226 + 0.003
131-28  143-28
131-46  143-46
131-47 14347
105 - 144 136-36 515-054 -136 + 0.20
136-38
138-36
138-38
106 125-35  138-25 12 & 515.054 -0,607 + 0.027
125-36  138-26
126-35  139-25
126-36  139-26 >
135-48  148-38
135-49  148-39
136-48  149-38
136-49  149-39
107 125-37  137-48 9% = 515.054 -0.120 + 0,001
12637 137-49
137-25 14837
137-26  149-37
108 = 9% 135-37 507.064 -169 + 0.25
137-35
137-39
139-37
109 127-31  146-30 64 = 507.064 -0.849 + 0.061
127-32  146-31
127-42  146-43
127-43  146-44
128-30  147-31
128-31  147-32
128-43  147-42
128-04  147-43
110 - 6 135-36 503,068 -1.60 + 0.25
135-38
139-36
139-38
111 132-26  141-26 2 S 503.068 -0.301 + 0,006
132-21  141-271
132-47  141-47
132-48  141-48
133-26  142-26
133-21  142-21
133-47  142-47

133-48

142-48

15



TABLE 1.A.7 (Contd.)

Radial Reflector

Composition Substituted No. of Control-ring Depleted U Substituted Total Fissile Mass
for Control Composition, Drawers Remaining for Pu the], in Halves 1 and 2 <
Loading No. Matrix Position (Halves 1 and 2P Matrix Position (kg)b Kex (% Ak/k
112 - 32 136-35 495.0717 -152 + 0.18
136-39
138-35
138-39
13 126-33  147-33 0 = 495.077 -0.306 + 0.007
126-34  147-34

126-40  147-40
126-41  147-41
127-33  148-33
127-34 148-34
127-40  147-40
127-41  148-41

114 = 0 -(135-36) 498.073 +0.167 + 0.003
-(135-38)
-(139-36)

120 Sodium/Stainless steel 0 498.073 +0.215 + 0.003

shield installed. Reactor
configuration identical

to Loading 114

122 Sodium/Stainless steel 0 135-36 495.077 -0.260 + 0.004
shield installed. Reactor 135-38
configuration identical 139-36

to Loading 113

asubstitutions were made in mirror image positions in both Halves 1 and 2. Only the Half 1 positions are listed. Negative substitution listings indicate inverse
substitution.

Dpy-239 + Pu-241 + U-235.

CFor all subcritical cases all of the fueled safety and control rods were fully inserted in the core. For all the supercritical cases the excess reactivity is that
which the reactor would contain had all rods been inserted. With the exception of Loading No. 100 all of the -key values were measured with the inverse-
kinetics technique. A repeated failure in the computer data-acquisition system required this subcritical value to be determined from the calibration of the
subcritical counters obtained from Loading No. 99.

TABLE |.A.8. Calculated Beta Fractions for the ZPPR FTR-2 Shield Configuration

Group B:U-ZBS) B;U-233) la:Pu-Z3'3+Pu-241l B:Pu-ZdO) Group B:LI-23'5) B:U-Z}Bl 0:Pu~239*?u-241) B:Pu‘zdf)l
1 1.91663-06 1.86568-05 5.84633-05 1.64766-06 4 2.05281-05 5.56835-04 5.04630-04 2.05958-05
2 1.07432-05 1.96614-04 4.30781-04 1.60647-05 5 6.45600-06 3.22907-04 1.58466-04 7.53218-06
3 9.48226-06  2.32493-04 3.32317-04 1.12983-05 6 1.31138-06 1.07636-04 5.38477-05 1.70651-06

Notes: Berf = 3.08293-03; £ = 5.20426-07 sec; |h/% p = 1.03853 + 03.

The effective source used for the detector in determining
kex by the equation kex = S/(Equilibrium Count Rate) was determined by
the use of a rod drop in the subcritical system. The power history was
recorded before, during, and after the drop, until equilibrium power was
again reached. The usual point kinetics equations were used to calculate
kex for each time interval. The calculated values of the initial and final
reactivity divided by the assumed source strength are independent of the
assumed source. This same quotient soon after the rod drop is a function
of the assumed source. The best value of the source was found by adjust-
ing the source until the quotients after the drop were constant. The error
in this source determination was found from the change in this source
necessary to cause an initial deviation of the quotient after the drop from
the constant value found above by an amaunt equal to the rms error in
these values of the quotient.



With the removal of the control ring completed, the sodium-
stainless steel shield was added to the assembly. The shield extended the
length of the FTR-2 core and axial reflector, had a thickness of approxi-
mately 2 ft, and an azimuthal span of 80° and contained 62.7-vol % stainless
steel, 23.5-vol % sodium, and 13.8-vol % void. An interface view of the re-
sulting assembly is shown in Fig. I.A.5 and is designated the ZPPR FTR-2
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18

shield configuration (Loading 1-120). As indicated in Table I.A.7, Load-
ings 114 and 120, the installation of the shield caused a reactivity effect

of +0.048% Ak/k.

Subcritical neutron flux data were monitored by the three
U-235 fission chambers (see Progress Report for June 1969, ANL-7581,
p- 26) and the operational chambers as the loading changes proceeded to
achieve the removal of the control ring and installation of the shield.
These count-rate data are presented in Table I.A.9. After the shield was
installed, the core configuration achieved in Loading 113 was reproduced
in Loading 122 to determine the effect the shield installation had on the
subcritical neutron flux as observed on the U-235 fission chambers.

TABLE I.A.9. Neutron Counter Data Obtained during Core Depletion, Control-ring Removal, and Shield Addition for ZPPR FTR-2

Fission Chamber

Loading Data (c/sec? Operational Chamber Datab
No. 132-22 126-47 137-52  Ch. 7 (A)  Ch. 8 (A)  BF3-1 (c/sec)  BF3-2 (c/sec) ~ BF3-3 (c/sec) Pico (A)
96° 960 1456 1647 0.122 (-8) = & e = =
97 310 an 543 0.430 (-9) 054 (-9) = - = -
98 397 595 685 0.555 (-9) 0.68 (-9) 253 1796 2594
9 894 1416 1520 0.115 (-8) 017 (-8) 556 3764 5364
100 90.5 145 162 0.113 (-9) 017 (-9) 54.8 387 589 0.361 (-10)
101 118 217 219 0.161 (-9) 0;22=(=9) 72.9 501 769 0.566 (-10)
102 199 322 394 0.254 (-9) 031 (-9) 112 757 1169 0.912 (-10)
103 293 422 570 0.340 (-9) 043 (-9) 147 1031 1515 0.124 (-9)
104 845 1238 1600 0.950 (-9) 0.14 (-8 402 2592 4003 0.343 (-9)
105 186 21 353 0.210 (-9) 0.27 (-9 88.0 578 934 0.733 (-9)
106 367 516 800 0.405 (-9) 050 (-9) 166 1070 1751 0.157 (-9)
107 1898 2578 4907 0.196 (-8) 0.27 (-8) 844 5069 7774 0.807 (-9)
108 137 188 357 0.149 (-9) 0.20 (-9) 61.5 38 646 0.600 (-10)
109 287 469 713 0.323 (-9) 041 (-9) 126 m9 1329 0.124 (-9)
110 154 252 38 0.171 (-9) 0.15 (-9) 68.8 418 32 0.669 (-10)
111 1021 1407 2331 0.980 (-9) 0.14 (-8 367 2118 3678 0.392 (-9)
112 192 261 437 0.185 (-9) 0.21 (-9 69.6 404 721 0.739 (-10)
13 1007 1503 2218 0.100 (-8) 0.15 (-8) 380 2127 3827 0.389 (-9)
122 2145 1789 2693 0.117 (-8) 0.175 (-8) 406 = E 0.458 (-9)

aY-235 fission chambers manufactured by Westinghouse. Model 6376 located in matrix positions 132-22 (r = 87.68 cm) and 126-47

(r = 84.14 cm). Model 6376A located in 137-52 (r = 82.79 cm). Front of chambers aligned with reactor axial midplane. Data monitored
for time intervals yielding <1% counting statistics.

bThe Pico, Ch. 7, and Ch. 8 are B-10-lined ionization chambers. The Pico is located in matrix position 136-55 (r = 99.52 cm), and
Chs. 7 and 8 and located at the corners of the halves at a radius of 161.49 cm. The front of all three chambers are aligned with
the reactor axial midplane. Two of the BF3 chambers are located in the assembly immediately behind the axial reflector: BF3-2 in
matrix position 137-37 and BF3-3 in 148-48. The third BF3 chamber, BF3-1, is mounted on the reactor cell wall approximately 25 ft
from the core center.

Ckex = -0.143% Ak/k (achieved by partial removal of control rods).

Comparison of the subcriticality of Loadings 113 and 122
also provides a check of the system reactivity effect caused by the shield
as determined from the critical Loadings 114 and 120. The two determina-
tions compare within 0.002% Ak/k, which is within the accuracies of the
subcritical measurements corresponding to Loadings 113 and 122.

The as-built compositions for the core, axial reflector,
radial reflector, and safety and control drawers of the ZPPR FTR-2 shield
configuration (Loading 1-120) are identical to those of the ZPPR FTR-2
Reference Critical Configuration. The composition of the shield and depleted



core drawers are given in Table I1.A.10.
arrangement in the shield drawers.

Figure I.A.6 illustrates the plate
The drawer loadings in the depleted

core zone are identical to the normal core drawers except that depleted
uranium replaces the plutonium fuel.

TABLE 1.A.10. As-built Composition of Shield and Depleted Core Zones
for the ZPPR FTR-2 Shield Configuration (atoms/b-cm)

Depleted Core Zone

Drawer with One?

Drawer with TwobP

Nuclide Shield Zone l/4-in.-column U-238 l/4-in.-columns U-238
U-238 0.0078084 0.0108669
U-235 0.0000164 0.0000223
(¢] 0.0150075 0.0154338
Na 0.0059617 0.0107196 0.0063408
C 0.0000264 0.0021888
Fe 0.0371696 0.0078562 0.0143938
Ni 0.0045539 0.0010273 0.0008931
Cr 0.0102972 0.0022623 0.0019930
Mn 0.0005741 0.0001829 0.0001635
Mo 0.0000269 0.0000161 0.0000154
2Located in even-numbered matrix columns.
bLocated in odd-numbered matrix columns.
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Fig. I.A.6. Shield Drawers for ZPPR FTR-2 Shield Configuration
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(ii) Calibrations of Control and Safety Rods. Following the in-
stallation of the shield in the FTR-2 assembly, the control and safety rods,
positioned as shown in Fig. I.A.5, were recalibrated using the inverse
kinetics technique. First the neutron source constant of the system was
determined from analysis of the power history resulting from both positive
and negative reactivity changes due to control-rod motion. Then, from a
stabilized power level of approximately 50 W, each rod being calibrated
was individually driven from its most reactive position to its least reactive
position and the neutron flux history recorded. By use of the measured
source constant and the delayed-neutron fractions given in Table I.A.8,
the rod worths were determined from analysis of the flux history. This
method indicated the total worth of the 20 safety rods and of the 6 control
rods as 2.8% Ak/k and 0.6% Ak/k, respectively.

The reference loading for the ZPPR FTR-2 shield con-
figuration (Loading 1-120) contained a fissile mass (Pu-239 + Pu-241+
U-235) of 498.073 kg. This loading included the fissile material contained
in the fueled safety and control rods; however, two control rods (139-43
and 239-43) were completely withdrawn from the core and another (235-39)
withdrawn 5.748 in. Complete insertion of all the control rods would have
yielded an excess reactivity of +0.215% Ak/k.

(iii) Shield Fuel-storage Experiment. In the fuel-storage ex-
periment, core composition was substituted for shield composition in a zone
as shown in Fig. I.A.7. The fuel-storage zone extended axially the same
height as the core (36.08 in.) and contained 25.320 kg of fissile mass. The
center column of drawers contained core composition identical to the one-
column plutonium-loaded core drawers of the ZPPR FTR-2 assembly (see
Progress Report for July 1969, ANL-7595, p. 24), and the core composition
of the outer drawers was identical to the two-column plutonium-loaded
core drawers.

The fuel-storage zone was achieved in three substitution
steps as shown in Table I.A.11. Comparison of the positions of the cali-
brated control rods necessary to achieve the same power level before and
after the complete fuel installation indicated the effect of the stored fuel
on the system reactivity to be <0.4 Ih. The core temperature before and
after the fuel installation was identical (70.3°F); the position of the control
rods differed by only 0.02 in., which corresponds to 0.1 Th. However,
previous measurements made during the edge-worth experiments with
the FTR-2 assembly (see Progress Report for August 1969, ANL-7606,

p- 26) indicated the reproducibility of the control-rod position for identical
loadings, between half openings, at the same power level was £0.4 Th. For

this reason, the effect of the stored fuel in the shield was concluded to be
=0.4 Ih.
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TABLE I.A.11. ZPPR FTR-2 Shield Configuration Fuel Installation in Shield®

Total Fissile® Total Fissile®
Core Material® Mass Loaded in Core MaterialP  Mass Loaded in
Loading Substituted for Fuel Storage Zone Loading Substituted for Fuel Storage Zone
No. Shield Material (kg) No. Shield Material (kg)
127 Reference 0 130 137-11 25.320
137-12
128 135-13 4.046 137-13
136-13 138-11
138-12
129 135-11 10.128 138-13
135-12 139-11
136-11 139-12
136-12 139-13

agubstitutions made in Halves 1 and 2. Only Half 1 is listed; Half 2 is a mirror image of
Half 1. The matrix positions ending in an odd number contain 2-column plutonium core
loadings and those ending in an even number a l-column plutonium core loading.
Fuel-storage zone replaced shield composition in a region +18.036 in. about the assembly

axial midplane.
€Pu-239 + Pu-241 + U-235.

Prior to the installation of the fuel in the shield and after
each of the three substitution steps, neutron-flux data at various degrees
of subcriticality (see Table I.A.12) were obtained by manipulation of the
control and safety rods. A given degree of subcriticality was achieved
with the same rods and rod positions on every loading.

TABLE I.A.12. ZPPR FTR-2 Shield Configuration Chamber Data Obtained
during Fuel Installation in Shield?

Hoacig Fission Chambers (c/sec)b Operational Chambers (A)

No. Koy (% Ak/k) 132-22  126-47 137-52 Ch.i7 Ch. 8 Pico

127 -0.007 89,871 69,988 64,108 0.430 (-7) 0.572 (-7) 0.168 (-7)
-0.110 6,262 4,286 6,187 0.268 (-8) 0.367 (-8) 0.108 (-8)
-0.702 991 671 976  0.452 (-9) 0.570 (-9)  0.169 (-9)
-1.68 433 289 426 0.194 (-9) 0.260 (-9) 0.753 (-10)
-3.23 227 141 Z1T 0.980 (-10) 0.150 (-9) 0.389 (-10)

128 -0.110 6,279 4,285 6,176 0.265 (-8) 0.360 (-8) 0.108 (-8)

129 -0.110 6,239 4,242 6,177 0.270 (-8) 0.360 (-8) 0.109 (-8)

130 -0.007 90,091 70,434 65,359 0.430 (-7) 0.5 8¢ (= 7)) 0TS (=)
-0.110 6,184 4,242 6,168 0.267 (-8) 0.367 (-8) 0.109 (-8)
-0.702 984 661 g 0.449 (-9) 0.570 (-9) 0.170 (-9)
-1.68 436 287 423 0.196 (-9) 0.263 (-9) 0.747 (-10)
-3.23 230 140 217 0.970 (-10) 0.153 (-9) 0.386 (-10)

2Various degrees of subcriticality for each loading achieved by manipulation of the control and
safety rods. A given degree of subcriticality was achieved with identical control- and/or
safety-rod positions for every loading. .
Counting statistics =0.4%.
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5. ZPR Materials

a. Development of Fabrication Techniques (J. E. Ayer)

Last Reported: ANL-7527, pp. 33-34 (Dec 1968).

(i) ZPPR Oxide Rod Elements. Pilot-lot development and
manufacture of oxide rod fuel elements, and gamma-scan standards for
the ZPPR reactor have been completed. A total of 52 elements were
made; 30 were prototype oxide rod fuel elements and 22 were gamma-
scan elements. All UO, and (U,Pu)O, pellets were encapsulated in
Type 304L stainless steel jackets, with helium at atmospheric pressure.

The UO, and (U,Pu)O, pellets were fabricated by the Dow
Chemical Company, Rocky Flats Division, and sent to ANL. The pellets
were made by a cold press and sinter technique that produced acceptable
pellets without centerless grinding. The pellets, produced with a length-
to-diameter ratio of 1.5, had a theoretical density of about 95%.

A loading technique was developed to protect the outside
of the jacket tube and weld zone from plutonium contamination. A special
end plug was designed to prevent thinning of the jacket tube wall or increase
the outside diameter in the welded area and to produce a finished element
of a predetermined overall length. The elements were dimensionally
checked, X-rayed, leak detected, and surveyed for alpha contamination on
the external surfaces before final acceptance.

Data from the fabrication of a small number of UO, and
(U,Pu)O, (right-circular cylindrical) pellets were used as a basis for a
product specification governing the fabrication of fuel elements for ZPPR.
Exact diameters of the pellets were not specified; instead, weights of
material that could be introduced into a jacket with an inside diameter of
0.350 in. and a nominal length of 5.7 in. were fixed. This effectively re-
quired the diameters to be between 0.340 and 0.345 in., with a theoretical
density of at least 92%. The objective of this requirement was to permit
sufficient latitude for fired dimensions and densities to preclude centerless

grinding.

In addition to writing a product specification and obtaining
statistical information, loading studies were conducted with part of the
pellets produced. The loading studies were required to prove adequacy
of design and to identify and solve any major problems associated with
pilot-lot production of prototypic elements. At least two problems asso-
ciated with fuel-element assembly were anticipated. The first was the
control of plutonium contamination on the outside of the fuel-element jacket,
particularly in the area of the weld. The second was maintaining minimum
diametral tolerances between fuel and jacket and between jacket and the
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calandrias that will contain the fuel elements during the reactor physics
experiments. Minimum gap between jacket and plutonium-bearing fuel
aggravates the contamination problem and loading difficulties; limited gap
between clad and calandria means that weld-bead protrusion must be kept

at a minimum.

1[A[0.003] [[TB[0.003
03115

[ 03785

6.000 + 0.030
—=f=— MAX GAP 0.020

(a) Design of the Fuel
Element. Figure I.A.8 is an

P assembly drawing of the ZPPR
oxide rod element delineating

the geometric characteristics
of the element. Of prime im-

“Z%Qﬂé\

NOTES: 0.002
1. ATMOS. IN ELEMENT He @ ONE
MINIMUM WELD THICK- AIMOS {PRESS:

NESS EQUAL TO OR 2. He MASS SPEC. LEAK TEST BY
GREATER THAN TUBE WALL FEFS FAB. PROC. NO. 3A

Fig. I.A.8. ZPPR Oxide Rod Element

portance is the straightness
tolerance designated as 0.002 in.
This dimension limits the rod
straightness and weld buildup to
a total of 0.002 in., assuring
adequate clearance between the
element and the calandria tubes.
The 0.020-in. maximum gap

between fuel and end cap is maintained by interposing a spacer of Type 304
stainless steel between the fuel column and end cap. The length of the
spacer is determined for each individual element. The fuel-element length
tolerance of £0.030 in. results from the algebraic accumulation of toler-
ances on the fuel tube and the two end plugs, which are £0.005 and *0.010 in.,
respectively. The design of the end plugs is predicated upon (1) controlled
length of element, (2) provision of a bearing surface, apart from the weld
bead, between elements, and (3) attainment of a girth weld with penetration

at least equal to the tubing wall thickness with minimum protrusion beyond

the element outside diameter.

Figure I.A.9 depicts the fuel pin. The fuel for loading
studies was produced by the Dow Chemical Company, Rocky Flats Division,
as output from a program the purpose of which was to evaluate manufactur-
ing processes for UO, and (U,Pu)O, fuel-rod elements.

316 STN. STL. SPACER

o

20 D A&_]_,_{_,_____ -

SPACER WIDTH DETERMINED t0.3«15 DIA MAX

BY FUEL COLUMN LENGTH

Fig. .A.9. Fuel Pin of a ZPPR Oxide Rod Element
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(b) Pellet Manufacture*
U024x Pu0p
L SAALATE) (1) Experimental Procedure. Two
compositions of (U,Pu)O, and five blends of UO,
L J were made by mechanical mixing, and fabricated
BALL MILLED according to the schematic in Fig. I.A.10.
S Hyperstoichiometric UO, was obtained from
I Nuclear Fuel Services through ANL. Plutonium
AR dioxide was made at Rocky Flats by calcining
L BT oxalate (PulV) at 650°C. Because of the large
J PuO, agglomerate size it was ball milled in
S water for 24 hr in a rubber-lined mill. An
a equal weight of UO, powder was then added and
SO milled for 4 hr. Additional UO, was added to
l adjust to the required composition and milled
“:N for another 4 hr. After removal of the water,
PRESS 1 wt % carbowax 4000 and 1 wt % stearic acid
I were added in a CCly solution. After evaporation
Iss::'é‘f':ms of the CCly, the mixtures were isostatically
6% Hp - 94%He pressed at 10,000 psi and granulated through a
I 14-mesh screen. Powder for pellets of each
mEL composition was weighed to £0.05 g and pressed
el at various pressures to establish shrinkage
characteristics of the blends. The same press

and dies were used for (U,Pu)O, as for UO,.
Fig. LA.10 The 15 and 30 mole % pellets were pressed at
20,000 and 18,250 psi, respectively. A length-
to-diameter ratio of 1.5 was used. Sintering
was accomplishedyin a small, graphite resistance
furnace fitted with a nonporous alumina muffle
tube to protect the pellets from the carbon atmosphere. Ten-mesh alumina
grain was used for bedding the pellets. Nominal sintering parameters were
1650°C for 5 hr in a dry 94% He-6% H, atmosphere. A 16-hr sintering sched-
ule was used. As with the UO, the sintering rate had to be held to less than
100°C/hr above 1200°C in order to maintain good dimensional control.

Schematic** of Fabrication
Used for Mixed Oxides

The sintered pellets were visually inspected for
defects and measured at the top, waist, and bottom diameters with a blade
micrometer. Five pellets from each sintering run were randomly selected
for density determinations. Densities were obtained using monobromo-
benzene as the immersion liquid. Plutonium concentrations were deter-
mined by a calorimetric method. Oxygen-to-metal ratios were determined
by a standard oxidation-reduction cycle. Homogeneity was examined

*For additional details see Harvey, Malcolm R., Teter, Alton R., and Leggett, Ronald L., Fabrication of
Oxide Nuclear Fuel Pellets, RFP-1255 (March 21, 1969), pp. 23-28,
** Ibid, p. 24.
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with the use of an electron microanalyzer monitoring Pu-Mp and U-Ma
X-ray lines and standard X-ray diffraction techniques.

(2) Results. Table I.A.13 gives the results on hour-
glassing (maximum diameter--waist diameter), distortion (bottom
diameter--top diameter), shrinkage, and theoretical density for both
(U,Pu)O, compositions. The hourglassing and distortion data are very
similar to those obtained with pure UO,. It is apparent from the data that
the densities are not affected by the PuO, concentration.

TABLE I.A.13. Physical Characteristics of Fired Pellets

Run Hourglassinga Distortiona Shrinkagea Theoretical
No. (in.) (in.) (%) Density (%)

Data from 296 (U, 70Pug 30)O;, Pellets Fired at 1660°C for 5 hrP

5/17/68 0.0026 0.0007 20.21 95.51¢
5/20/68 0.0053 0.0010 20.29 93.90¢
5/21/68 0.0038 0.0009 20.40 93.68¢
5/22/68 0.0030 0.0007 20.61 94.51¢
5/23/68 0.0031 0.0007 20.64 95.06¢
5/24/68 0.0030 0.0006 20.54 94.59¢
5/25/68 0.0023 0.0005 20.54 94.17¢
5/27/68 0.0023 0.0007 20.56 93.69¢
Data from 260 (Uj gsPug ;5)O, Pellets Fired at 1660°C for 5 hr
4/23/68 0.0010 0.0004 20.50 94.04d
5/6/68 0.0032 0.0007 20.61 95.11d
5/1/68 0.0037 0.0006 20.60 94.86d
5/8/68 0.0056 0.0006 20.50 95.41d
5/9/68 0.0046 0.0007 20.67 96.11d \
5/10/68 0.0036 0.0008 20075 95.84d
5/14/68 0.0021 0.0007 20.45 94.42d
5/15/68 0.0025 0.0007 20577 95.64d |
|
Data from 240 (Ug.gsPuy.,5)0, Pellets Fired at 1650°C for 4 hr |
6/17/68 0.0049 0.0006 20.60 95.22€
6/18/68 0.0031 0.0006 20.60 95.00€
6/19/68 0.0024 0.0004 20.70 94.81¢
6/20/68 0.0058 0.0005 21.06 95.60€
6/21/68 0.0052 0.0007 21.12 95.81¢€
6/22/68 0.0035 0.0008 21.30 95.69¢€

2Averaged from all pellets in run.

bData from Harvey, Malcolm R., Teter, Alton R., and Leggett, Ronald L.,
Fabrication of Oxide Nuclear Fuel Pellets, RFP-1255 (March 21, 1969), p. 26.

CAverage of 5 pellets randomly selected from each run. Overall average was
94.36%. Standard deviation was 1.00%.

dAverage of 5 pellets randomly selected from each run. Overall average was
95.31%. Standard deviation was 0.81%.

€Average of 5 pellets randomly selected from each run. Overall average was
95.34%. Standard deviation was 0.55%.




Oxygen-to-metal ratios were determined for a
random sampling of both compositions and are listed in Table I.A.14. Each
pellet was crushed and divided into two or three parts, and sampled. The
averages are somewhat lower than were expected from the literature, but
the ratio can be easily adjusted by controlling the water vapor in the re-
ducing gas.

TABLE I.A.14. Oxygen-to-Metal (O/M) Ratios of Mixed Oxides?

wt % PuO, (nominal) O/M wt % PuO, (nominal) O/M
15--Sample A 1.965 30--Sample C 1.943
1.950 1,945

1.965 Li042

Average 1.959 Average 1.943

15--Sample B IR9R) 30--Sample D 1.960
1967 1 L2E10)

Average |1.944 13925

Average 1.952

4Data from Harvey, Malcolm R., Teter, Alton R., and
Leggett, Ronald L., Fabrication of Oxide Nuclear Fuel Pellets,
RFP-1255 (March 21, 1969), p. 26.

Random, continuous electron-microprobe scans
of 600 um were run on both compositions to determine inhomogeneity. The
scanning rate was 10 pm/min with a beam size of approximately 1 m. No
variations in uranium or plutonium were seens X-ray diffraction indicated
a high degree of solid solution.

(c) Characterization of Fuel Materials. The fuel pellets
received from Dow Chemical Company were subjected to check analyses
by ANL. Check of chemical analyses consisted of major element, minor
element, and isotopic content. Each pellet was examined visually for cracks,
excessive edge chipping, and hourglassing. Pellets that appeared acceptable
on the basis of visual examination were weighed, passed through a 0.349-in.-
dia drop-through gauge, and checked for length. These pellets became the
population from which fuel columns were assembled. Choice of pellets for
a particular column was based upon establishing a limited range of weight-
to-length ratios. Each column was identified by assigning it to a specific
tube number before loading.

The weight-to-length ratios and standard deviations
obtained for 12 columns each of oxide pellets containing 13 wt % Pu,
26 wt % Pu, and depleted UO, were 15.69 + 0.08, 15.90 £ 0.07, and 14.92 +
0.06 g/in , respectively. A tabulation of column lengths and weights, column
weight-to-length ratio, and element weight for both prototypic elements and
» sta=dards is shown in Tables I.A.15 and 1.A.16.
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TABLE 1.A.15. Prototype ZPPR Oxide Rod Fuel Elements Produced

Rod Pellet Column Total Pellet Weight{Length Elgment ANL
Designation Length (in.) Weight (g) (g/in.) Weight (g) Batch No.
13 wt % Pu
F2 5.726 89.98 15.71 102.31 8:8:1989
15.71 102.10 8-8-1989
5, el i g 102.16 8-8-1989
i A it T 102,59 8-8-1989
7 5.702 90.22 15.82 . e
F8 5.695 89.73 15.76 102.21
F9 5.703 88.89 15.58 101.18 8-8-1990
F11 5.705 89.00 15.60 101.20 gg}ggg
F15 5.710 89.15 15.61 101.45
F18 5.712 89.84 15.73 102.28 8-8-1989
F19 5.706 89.80 15.74 102.19 s-s-iggg
F20 5.726 89.41 15.61 101.63 8-8-
F22 5.745 89.66 15.61 101.79 8-8-1990
26 wt % Pu
612 5.676 89.89 15.85 102.07 8-8-1987
] 5.670 89.83 15.84 101.89 8-8-1987
627 5.679 89.77 15.80 102.01 8-8-1987
629 5.670 90.19 15.89 102.55 8-8-1987
8-8-1988
631 5.676 90.19 15.89 102.61 8-8-1087
633 5.708 91.10 15.96 103.48 8-8-1987
634 5.715 91.36 15.98 103.68 8-8-1987
635 5.698 91.36 16.03 103.88 8-8-1987
636 5.680 90.11 15.86 102.43 8-8-1987
639 5.672 89.83 15.83 102.09 8-8-1987
643 5.671 90.89 16.02 103.42 8-8-1987
644 5,677 90.00 15.85 102.12 o
Depleted Uranium Dioxide
D51 5.755 86.25 14.89 98.69 6-6-686
D53 5.755 86.22 14.98 98.23 6-6-686
D54 5.755 86.26 14.98 98.47 6-6-686
055 5.745 85.30 14.84 97.67 6-6-686
D56 5.755 85.97 14.93 98.21 6-6-686
D57 5.755 86.27 14.99 98.60 6-6-686
D60 5.755 86.24 14.98 98.50 6-6-686
D62 5.746 85.23 14.83 97.51 6-6-686
D67 5.755 85.82 14.91 98.14 6-6-686
D68 5.755 86.17 14.97 98.19 6-6-686
D70 5.747 85.34 14.85 91.72 6-6-686
D71 5.746 85.29 14.8 97.28 6-6-686
TABLE I.A.16. ZPPR Oxide Rod Gamma Standards
Nominal
Rod Composition Pellet Column Total Pellet Weight/Length Element ANL
Designation (wt %) Length (in.) Weight (g) (g/in.) Weight (g) Batch No.
101 10-Pu 5.736 89.51 15.60 101.84 8-8-2124
102 16-Pu 5.736 88.13 15.86 100.47 8-8-2128
104 16-Pu 5.737 87.22 15.20 99.33 8-8-2128
87 21-Pu 5.723 89.71 15.67 101.89 8-8-2143
88 21-Pu 5.712 8.72 15.70 101.96 8-8-2143
89 28-Pu 5.643 89.72 15.90 102.51 8-8-2151
9 28-Pu 5.646 89.75 15.89 102.45 8-8-2151
7 6-235y 5.689 88.14 15.49 100.79 36-2-482
92 7-235y 5.738 84.08 14.65 96.37 8-8-2138
93 7-235y 5.747 84.17 14.64 96.08 8-8-2138
9 14-235y 5.738 8249 14.37 94.99 8-8-2139
9 14-235y 5.738 82.87 14.39 95.09 8-8-2139
9% 21-235y 5.739 84.81 .17 97.18 8-8-2140
98 21-235y 5.739 84.67 .73 97.17 8-8-2140
99 37-235y 5.738 85.33 14.87 97.79 8-8-2141
100 37-235y 5.738 85.41 14.88 97.99 8-8-2141




(d) Hardware Assembly and Inspection

(1) Forming. The Type 304L stainless steel hardware,
consisting of two end plugs and a tube, was machined. One end of the tube
was expanded over a mandrel to accommodate a loading funnel that had the
same inside diameter as the jacket tubing. Each tube was identified, the
end plugs and tube were washed in acetone, rinsed in ethyl alcohol, and dried
in a furnace at 100°C for 1 hr before transfer to welding.

(2) Welding. The unexpanded end of the jacket tube
was clamped in a split copper chill, an end cap was inserted, and the
assembly placed in a lathe collet held in a vertical position. A second
copper chill was placed in the recess of the end plug. This combination of
chills was required to hold the weld bead in an upright position until solidi-
fication occurred, producing full tube wall thickness at the junction of the
end plug and jacket tube. No increase in the outside diameter of the jacket
tube in the weld area was permitted. Therefore, after welding, the jacket
tubes were inspected for ovality, straightness, and weld-bead protrusion by
insertion into a 0.380-in.-ID drop-through gauge to the expanded portion.
Figure I.A.11 is a photomicrograph of a typical weld made against the tube
and end plug design shown in Fig. I.A.8.

END PLUG
.375 0D X.012 WALL

TUBING

Finished Weld ~10X Before Welding
Fig. LA.11. ZPPR Oxide Rod. Weld configuration in Type 304 stainless steel.

The bottom end cap weld was tested for integrity
by means of helium mass spectrometer leak detection. An assembly show-
ing a leak indication above background was rejected.

(e) Fuel-element Loading, Assembly, and Inspection. To
prevent contamination in the final weld closure, a special loading funnel was
inserted in the expanded portion of the jacket tube, the small lip on the funnel
extending into the inside diameter of the jacket tube. Plastic tubing was
shrunken over this assembly, trimmed to length, and secured to a loading
pouch by means of compressive hose clamps. The assembled loading pouch
was attached to a gloveport in the loading box. A column of pellets, previ-
ously weighed and measured for length and diameter, were loaded into each
jacket. Each pellet was bottomed into the jacket with a push rod. After the
last pellet was inserted the loading pouch was sealed and cut free with the

B L e i
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The loaded element was then transferred to an annex
box of the welding hood where the loading pouch was removed from the ele-
ment, and the exposed end of the loading funnel was cleaned of loose con-
tamination with paper wipes and cotton swabs moistened with ethyl alcohol.
The shrinkable tubing and loading funnel were removed, and the inside of
the fuel jacket was checked for contamination and cleaned if necessary.

A micrometer reading was taken from the end of the jacket tube to the top
of the first pellet to determine the length of the spacer required to give the
0.000- to 0.010-in. end cap-to-spacer clearance. A spacer of the proper
thickness was cut, inserted, and checked again with a micrometer before
insertion of the end plug. The expanded end of the jacket tube was reduced
to its original diameter with a special collet arrangement. The top edge of
the jacket was then checked for loose contamination before the insertion of
the end plug. The final end plug was tapped into position before transferring
the assembly to the welding hood. The final end closure was made with the
same welding procedure outlined previously. Exploded and cutaway views
of a ZPPR oxide rod element are shown in Fig. I.A.12.

Fig. LA.12. Exploded and Cutaway Views of ZPPR Oxide Rod Elements

The completed fuel-element assembly was checked for
loose and fixed contamination before checking for leaks with a helium mass
spectrometer. Acceptable contamination levels were <400 dpm fixed and
<10 dpm loose alpha counts. The final end closure was made in an atmos-
phere that contained helium. The elements were placed one at a time in a
fixture that reduced the pressure and used the entrapped helium as the leak
indicator. As in the case of leak detection of the bottom end plug, any leak
indication above background was cause for rejection. All elements were
radiographed to check the welds, and the p.ositions of the fuel and end spacers.

Tables I.A.15 and I.A.16 are a record of the 52 com-
pleted elements fabricated for reactor physics experiments and gamma-scan
standards for evaluating ZPPR oxide rods produced by a commercial vendor.
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B. Component Development--LMFBR*

1. Instrumentation and Control

a. Instrumentation Development for Instrumented Subassembly

(i) Instrumented-Subassembly Flowmeters (G. A. Forster)

Last Reported: ANL-7618, p. 18 (Sept 1969).

(a) Procurement of Mark-III (Sodium-calibratable)
Flowmeters. Contract negotiations are proceeding for four flowmeters to
be used in the instrumented-subassembly tests in EBR-II. Becausedelivery
would not be in time for the instrumented subassemblies of the immediate
future, the Laboratory is preparing to fabricate at least one Mark-III
flowmeter.

(b) Modification of Calibration Loop for Mark-III
Flowmeters. Modification work is about 80% complete. Thermocouples
have been installed and connected to recording or indicating instruments.
The depth probes in the flow tank are being replaced with units suitable for
1200°F. Their insulators will be supplied with extra heat to prevent sodium
condensation, which shorted previous probes. The first heatup and flowtest
is expected to be achieved in late November. A test section being fabricated
to accommodate a Mark-III flowmeter will replace a straight piece of pipe
in the existing loop.

b. FFTF Instrumentation

-

(i) In-Core Flowmeter (T. P. Mulcahey)

(a) Tests of Model Probe-type Eddy-current Flowsensors
(J. Brewer)

Last Reported: ANL-7606, pp. 33-38 (Aug 1969).

Stability and sensitivity tests are being run in the
CAMEL loop; maximum temperature and sodium flow velocity so far are
950°F and 6.5 ft/sec. As was observed with the drop tests in sodium, there
is a sensitivity gap between 600 and 800°F; sensitivity decreased 40-50%
above 700°F.

Impedance versus temperature tests have been run at
80-1400°F in a furnace on a single coil section whose coil was similar to
each of the four coils on Probe No. 4. From ~650 to 670°F there is a 40%
decrease in inductance because of the Curie temperature of the nickel

*5odium Technology Development is reported in Sect. 1.C.



32

cladding on the wire. A duplicate test made with a fiberglass-covered
copper-wire coil section showed no change in inductance, which proved that
the Inconel coil form and the Type 304 stainless steel sheath contributed
nothing to the anomaly. The fact that e = L dd)/dt (where e is induced
voltage, L is coil inductance, and d(b/dt is change in flux with time) explains
the sensitivity gap. The nickel-clad wire exhibited small irregularities of
inductance below 650°F, which probably was due to the magnetic character
of the nickel cladding.

In the Curie-temperature region of a balanced coil
system, a small temperature gradient can cause a large unbalanced signal.
Obviously, another type of wire must be sought if the flowsensor is to
operate below 700°F.

Molybdenum wire was considered for this use, but it
has 3.3 times the resistance of copper at 20°C and has a high temperature
coefficient of resistivity, which would lead to more power dissipation in
the coils and probably poor stability. Also, molybdenum has a highly
undesirable oxidation rate. Gold wire is being considered.

(b) Tests of Model Probe-type Permanent-magnet
Flowsensors (F. Verber)

Last Reported: ANL-7595, pp. 29-32 (July 1969).

Major effort has been placed on the Type-A flowsensor
referred to in ANL-7595. Three additional 1-in.-OD solid-configuration
flowsensors have been fabricated and tested in the modified annular linear-
induction sodium pump loop. The test results show that, for the magnet
widths tested, the sensitivity of the flowsensor (mV per ft/sec) increases
as the width W of the magnet increases.

In the following description of the Type-A flowsensors,
the suffix (i.e., A-1, A-3, and A-4) indicates the width of magnet used, in
inches. The 4-in. magnet is made

0.460" Radius I_ W _<_..1 up of one l-in.- and two 1.5-in.-wide
The

magnets operating in parallel.

IF size and shape of the Alnico-8 mag-
e e nets used in the Type-A probe are
shown in Fig. I.B.1. This magnet
: shape is necessary to allow fabri-

cation of the probe.
Fig. LB.1. Flowsensor Magnets 3 The magnets are insulated
from the Type 304 stainless steel
cylindrical housing by a thin sheet of mica. Although the mica has satis-
factorily maintained its physical and insulating properties at >1200°F, no
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information is available yet on how the mica will be affected by the gamma
fields and fast-neutron fluxes expected in the FFTF reactor.

Attempts to use ceramic flame-spraying equipment
to apply a suitable thin coating of high-purity alumina to the very hard sur-
face of an Alnico-8 magnet have been unsuccessful so far. The Metal-
lizing Co. of America is assisting in further efforts. Coating the inside
walls of the cylindrical housing of the flowsensor magnet appears to be a
possible solution to the problem.

From the recorder charts obtained in the flowsensor
tests, the sensitivity of each flowsensor was calculated at the maximum
flow velocities used in the tests:

Flowsensors

A-1 A-13 A-3 A-4

Sensitivity, ~mV per ft/sec 0.31 0.362 0.54 0.61

Flowsensor A-1% is Flowsensor A reported in
ANL-7595. Flowsensor A-4 exhibits a 69% larger signal than the Flow-
sensor A-1% design. Flowsensor A-4 will be modified and then will be tested
at elevated temperatures in the CAMEL loop--both before the magnet is
temperature stabilized for operation at 1200°F and again after temperature
stabilization.

The preparation of specifications for procurement of
a similar flowsensor (with an Alnico-8 magnet%f greater width for further

optimization of the signal) from a commercial source has been started.

(ii) Gas Disengagement for Failed-fuel Monitoring (E. S. Sowa)

(a) Sodium Test Loop

Last Reported: ANL-7561, pp. 21-22 (March 1969).

The completion of the slow-flow tests in the Fuel
Failure Detection Loop (FFDL) was followed by loop shutdown to modify
it so that a prototype of the Failed Element Detection and Location (FEDAL)
module can be installed.

The FEDAL module prototype to be tested was designed
to simulate the functional behavior of the module design represented by
drawings received from Battelle- Northwest Laboratory. However, the
laboratory prototype is being constructed as a modular assembly that per-
mits convenient disassembly and variation of individual features, if needed.
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The design also allows the replacement of the gas-separation cascade
assembly within the utility chamber so that different configurations can be
tested and relative performance evaluations can be made.

The existing external gas-circulation and fission-gas
detection chamber will be retained because it does not alter the fundamental
performance of the module.

Additional modifications to the loop include enclosure
of the lower portion of the loop within an airtight sheet-metal enclosure.
In addition, the sample-holder O-ring was modified by the inclusion of an
internal shoulder along the inner periphery so that positive seating will be
obtained. The sample flange will also be enclosed by a small secondary
container to localize possible sodium leakage.

2. Fuel Handling, Vessels and Internals

a. Core Component Test Loop (CCTL) (R. A. Jaross)

Last Reported: ANL-7618, p. 19 (Sept 1969).

(i) Loop Modifications to Accommodate Second FFTF

Subassembly. Modifications tothe CCTL toaccommodate the Mark-II fuel
assembly and to improve loop reliability are proceeding.

On the 2-in. pump-bypass piping, the twelve welds required
to install the bypass between the pump-bearing overflow and the suction of
the pump have been completed, radiographed, and accepted. A leak-detection
spark-plug device has been installed on the 2-in. valve of the pump bypass
loop, as have pipe preheaters for the bypass loop and valve, and a 0.004-in.-
thick Type 304 stainless steel anti-stress-corrosion baffle. Twelve thermo-
couples have been installed on the bypass-loop piping, as has the first layer
of a two-layer 1200°F insulation. A manually operated valve hand-wheel
extension has been installed so that the valve can be operated from outside
the CCTL enclosure.

For the 4-in. flowtube, all heaters, thermocouples, and
anti-stress-corrosion baffles have been installed. Ten of the twelve welds
have been completed and their radiographs have been approved; the two
remaining welds are for installation of the Taylor pressure-sensor element.

One of the ten welds is being evaluated ultrasonically. This
weld, which is at the inlet-discharge straight length of the flowtube where
the flow changes direction (90°) from the pump inlet, is subjected to greater

stresses than other welds in the 4-in. pump-to-vessel pipe. A "prooftest"

90°-to-straight-pipe section has been prepared using welding procedures
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identical to those used for CCTL. It will serve as a standard to which
ultrasonic evaluation of the CCTL weld area can be compared.

All shop work for modification of the CCTL test vessel
has been completed. For component installation, the downcomer or sub-
assembly inlet and the subassembly holddown framework are being com-
pleted. The in-vessel pressure transducers for the subassembly inlet have
been recalibrated (at five pressure increments at each of four temperatures),
installed, and their radiographs have been approved. The 36-in.-OD
ceramic-filled Flexitallic gaskets for the flange between the instrument
spool piece and vessel have been delivered.

The report on all metallurgical measurements, tests, and
evaluations to determine the suitability of the CCTL for continued operations
has been prepared. The report indicates that there is no significant degra-
dation of surveillance samples or pipe specimens as a result of CCTL
service conditions to date.

The radiographs of the original CCTL piping welds that
were accessible during the loop modifications show that all 27 welds are

tall elear."

After completion of radiography, the installation of the leak-
detection devices on each drain valve has been completed.

All thermocouples, heaters, anti-stress-corrosion baffles,
and thermal insulation also have been reinstalled.

C. Sodium Technolo‘gy

1. Sodium Chemistry

The basic work on sodium chemistry is directed toward the develop-
ment of a sound scientific foundation for understanding the behavior of
sodium's common nonmetallic contaminants, for interpreting and evaluating
existing corrosion data, and for predicting potential corrosion problems in
sodium systems.

a. Studies on Carbon Transport in Sodium-Steel Systems
(K. Natesan, J. Y. N. Wang, and T. F. Kassner)

Last Reported: ANL-7618, pp. 20-21 (Sept 1969).

The thermodynamic activity and solubility of carbon in Fe-Cr-Ni
alloys have been calculated in the temperature range 500-800°C by extrapo-
lation of data at higher temperatures in the ternary Fe-Cr-C and Fe-Ni-C



36

systems. The compositional range for the alloys included that of an 18-8
austenitic stainless steel. These results have been used with phase-
equilibria information and selected published data for the solubility of car-
bon in sodium to obtain an equilibrium relationship between the total carbon
content of the alloys (carbon in austenite + carbon in the carbide) and carbon
concentrations in sodium. Such a relationship for an 18-8 stainless steel is
shown in Fig. I.C.1. The calculations show that sodium, depending on its
carbon content and temperature in the range from 500 to 800°C, may either
carburize or decarburize the Fe-Cr-Ni alloys at typical commercial car-
bon levels. Figure I.C.2 shows the temperature dependence of the equili-
brium between the Fe-Cr-8 wt % Ni alloy containing 12, 15, and 18 wt % Cr,
carbon in sodium, and M;;C¢-type carbide. As indicated in Fig. I.C.2, the
computed carbon concentrations in sodium for incipient carbide formation
in an 18-8 stainless steel in equilibrium with sodium below 700°C are
significantly lower (i.e., below 1 ppm) than carbon concentrations com-
monly reported (i.e., 15-30 ppm).
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Fig. I.C.1. A Plot of Total Carbon in Fe-18 wt% Fig. 1.C.2. Temperature Dependence of Fe-Cr-8
Cr-8 wt % Ni Alloy vs Carbon Con- wt % Ni Alloy (C Saturated) -C(Na) -
centration in Sodium at Different Carbide Equilibrium e
Temperatures. The carbide contri-
bution to the total carbon in these
curves is from the MgsCyg type.

The phase-equilibria and activity data explain the observed phe-
nomenon of transfer of carbon from austenitic stainless steel to sodium
when chromium depletion, due to mass transfer, occurs.
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In addition, the driving force for carbon transfer from ferritic
steel to austenitic stainless steel under isothermal conditions was calcu-
lated. Carbon transfer from a Fe-2.25 wt % Cr-1 wt % Mo-0.1 wt % C steel
(Croloy 2%) to an 18-8 stainless steel under isothermal conditions is inevi-
table at temperatures above 525°C.

b. Characterization of Carbon-bearing Compounds in Liquid Sodium

(i) Characterization of Disodium Acetylide (F. A. Cafasso)

Last Reported: ANL-7577, p. 176 (April-May 1969).

It has been postulated* that carbon transport between steels
in sodium systems involves dissolved disodium acetylide (Na,C;). Ac-
cordingly, information on the stability and solubility of Na,C, in sodium is
being obtained.

(a) Stability of Na,C,. The thermal stability of solid Na,C,
(99.5% purity) is being studied by differential thermal-thermogravimetric
analysis (under 1 atm of helium pressure) and by high-temperature X-ray
powder diffraction. The differential thermal analysis thermogram exhibited
a reversible, endothermic peak at 275°C. This peak was shown by the X-ray
study to be associated with a transition of the solid from tetragonal (low-
temperature) to cubic (high-temperature) symmetry. No other significant
features appeared in the thermogram up to about 700°C, whereupon vapori-
zation and consequent loss of sodium became significant.

(b) Stability of Na,C, in Sodium. The stability of Na,C,
in the presence of sodium is being studied. Copper capsules were loaded
with about 4 g of sodium per gram of Na,C,; and were welded closed in an
inert-atmosphere box. The capsules were heated to selected temperatures
for selected periods of time, and then cooled and opened. The entire con-
tents of the capsules were dissolved in water, and the off-gases thus gener-
ated were analyzedfor acetylene by gas chromatography. Preliminary
results indicate that after about 65 hr of heating, the acetylide was 44%
decomposed at 400°C and >95% decomposed at 630°C. Additional experi-
ments of this kind are now in progress.

(c) Solubility of Na,C, in Sodium. An attempt is being made
to measure the solubility of Na,C,; in liquid sodium over the temperature
range in which it is stable. The method involves equilibrating reactor-
grade sodium with excess Na,C, at a preselected temperature, withdrawing
a sample of the melt through a copper or tantalum filter into either a copper

*Luner, C., Feder, H. M., and Cafasso, F. A., "Carbon Transport in Liquid Sodium," inProceedingsof the Inter-
national Conference on Sodium Technology and Large Fast Reactor Design, ANL-7520, Part I, p. 455 (1968).
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or tantalum pipette, dissolving the sample in water, and assaying the re-
sulting off-gas for acetylene by gas chromatography. Preliminary results
indicate that the acetylide (C3) content in sodium ranges from <1 ppm near
the melting point of sodium at 98°C to about 25 ppm near 3808EE

2. Sodium Analytical Development

Not previously reported.

A sodium analytical group has been organized at ANL-Illinois with
the responsibility of certifying standard methods of sodium analysis for all
laboratories performing AEC-sponsored sodium technology programs.

a. Development of Reference Analytical Methods of Oxygen, Car-
bon, and Nitrogen (R. J. Meyer)

Prior to certification, a method will be evaluated with regard
to such criteria for sodium analysis as accuracy, specificity, useful range,
and sensitivity. To date, evaluations of chemical analyses for interstitial
impurities in sodium at the parts-per-million level have been based on the
degree of precision attainable, because standard samples are not available
and no method is generally recognized as a reference method. Reference
methods having sensitivites of the order of 100 + 10 ppb are needed with-
in the LMFBR program to certify the quality of other methods of sampling
and analysis (including on-line purity monitors) and to aid in establishing
acceptance standards for reactor-grade sodium. Such reference analyses
would not be done on a routine basis, nor by nonskilled operators.

Activation analysis as a reference method has the following
potential advantages: (1) high sensitivity and specificity, (2) freedom from
the difficulties caused by outside contamination once the activation step is
completed, and (3) independence of the chemical form of the activated ele-
ment. The initial effort on development of reference methods is being
directed toward the selection of an activation technique suitable for oxygen
in sodium.

(i) Analysis for Total Oxygen in Sodium. The accuracy
and sensitivity attainable by activating oxygen in sodium depends
strongly on whether neutron activation, high-energy gamma activation
(by bremsstrahlung radiation), or charged-particle activation is
employed. Thermal-neutron activation, although by far the simplest
experimental technnique, is entirely inappropriate since capture cross
sections are small for light elements.* Irradiation by fast neutrons

*Stehn, J. R., Goldberg, M. D., Mogarno, B. A., and Wiener-Chasman, R., Neutron Cross Sections, BNL-325,
Vol. I, Suppl. 2 (1964). BT T T
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or high-energy gamma rays causes activation of the sodium itself, so that
fast chemistry to separate the 2-min 150 activity is necessary.* Reduction
of the bremsstrahlung energy to diminish the activities of sodium and other
interfering substances** results in loss of sensitivity for oxygen activation.
These restrictions limit the sensitivity of the fast-neutron and gamma-
activation methods to about 5 ppm oxygen in sodium, and little hope exists
for extending them much below this concentration.

Activation with proton, deuteron, helium-3, or helium-4
beams has become an important, general tool' for assaying carbon, nitro-
gen, and oxygen in the ppb range, despite the disadvantages of short-
distance penetration and considerable heat generation in the target. The
first disadvantage leads to surface activation rather than volume activation;
the second causes serious problems with sample vaporization unless the
usable beam intensity is severely curtailed. Because sodium is readily
liquefied and has good heat-transfer properties as a liquid, both disadvan-
tages can be circumvented. By liquefying the sodium and stirring it in a
thin-windowed cell, the entire sample can be activated. The stirring pre-
vents localized heating and hence diminishes vaporization of sodium. Ac-
cordingly, activation of molten, well-stirred sodium will be investigated
as a method for determining oxygen content.

Proton activation, namely, the (p,n) reaction on ‘#O that
leads to positron-emitting '*F, has been chosen because it has a sensitivity
of about 10~ ° ppm for '®0 and, consequently, about 10-2 ppm for total oxy-
gen. Moreover, unlike other charged particles, low-energy protons will
not appreciably activate the sodium. If any interfering activities should
arise from impurities (e.g., calcium) in the sodium, the sought-after
110-min '8F activity is sufficiently long-lived to permit separation chemis-
try to be performed. Irradiation cells are being designed that will allow
100-g samples of liquid sodium to be stirred while being bombarded with
the external 15- A proton beam (11.5 MeV) of the ANL cyclotron. If
preliminary experiments prove encouraging, techniques will be devised to
perfect and standardize this analysis for use as a reference method.

3. On-line Monitors

a. Evaluation and Improvement of the Hydrogen-Activity Meter
(J. Holmes)

Not previously reported.

ANL has recently undertaken the responsibility for developing
a hydrogen meter for liquid sodium systems. Hydrogen meters have three

*Lutz, G. J., The Determination of Oxygen in Sodium by Photon Activation Analysis, presented at the 158th
National ACS Meeting, New York, N. Y. (Sept 1969).
**Engelmann, C., and Louillet, M., Bull. Soc. Chim. Fr. 2, 680 (1968).
1’Pxoceedings of the 2nd Conference on Practical Aspects of Activation Analysis with Charged Particles,
crip_2R04 d-e-f Fhert. H. G. (Ed.) (1968).
Rev. Phys. Appl. 3, 365 (1968).
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important applications in the LMFBR program: (1) to detect as quickly as
possible water leaks in steam generators, (2) to serve as on-line monitors
for hydrogen impurities in primary and secondary sodium systems, and

(3) as detectors in research and development programs on basic sodium
chemistry and on cold trapping, gettering, and other methods of sodium puri-
fication. The ANL studies of the hydrogen meter will be directed to all
three applications, but the initial emphasis will be on its use as a leak
detector for sodium-steam heat exchangers.

A review of the state of the art has indicated that the combination
of a metal diffusion membrane (nickel or iron) and a high-vacuum system
with a mass-spectrometer detector is the most promising form of hydrogen
meter for leak detection. In an alternative and possibly simplified version,
an ion-pump would be used as the detector, with the current being monitored
as an indication of the hydrogen flux. Either detection system should give
quantitative results if calibrated and should be satisfactory for detecting
water or steam leaks into sodium. Preliminary calculations indicate that
a detection system employing a 10-mil nickel membrane will respond within
about 10 sec to a step change in the hydrogen concentration at 500°C. Equip-
ment for a metal membrane/high-vacuum system is being purchased and
fabricated, and will be tested on the Sodium Analytical Loop (SAL).

4. Fission Product Behavior and Control

a. Low-level Irradiation Tests (W. E. Miller)

Not previously reported.

Work on defining the problems associated with transport and
deposition of fission products in flowing sodium systems is under way.
Preliminary results of this continuing study indicate the importance of
investigating the behavior of short-lived fission products. The design and
construction of small-sized equipment (holding 1-2 gal sodium) is being
considered.

Gamma spectroscopy would be used in the identification of key
isotopes. Since the presence of *Na and ?*Na from the irradiation of sodium
would further complicate the already complex gamma spectra of mixed
fission products, fuel targets will be irradiated while separated from the
sodium and then quickly inserted into the flowing sodium. The irradiation
source (reactor or neutron generator) has not been chosen yet.

The target-transport mechanism, target-change mechanisms,
gas system, fission gas traps, and sodium fill- supply system would all be
permanent installations. Replacement of the tubing through which the
sodium flows is necessary to avoid having the residues from one experi-
ment interfere with the next. This portion of the equipment will be



disconnected from the irradiation tube by means of a freeze seal and then
transported to a shielded cask for eventual disposal. Removal and replace-
ment would be done with a minimum of remote operation.

b. Development of a Continuous Radioactive Contaminant Removal
Process (H. M. Feder and F. A. Cafasso)

Not previously reported.

This investigation seeks methods for the continuous purification
of the coolant sodium in a fast breeder reactor system. Harmful impurities
may be introduced into the coolant from the atmosphere, from structural
materials, or from fuel elements. Major emphasis has previously been
placed on restricting the sources of contamination or on the removal of con-
taminants by hot or cold trapping. These approaches place severe limi-
tations on the design and operation of the reactor; in addition, the removal
procedures that have been developed are cumbersome and ineffective for
certain impurities.

The removal of a wide spectrum of contaminants from sodium
into a discardable waste stream is being sought. One possible method of
accomplishment may be a semibatch solvent-extraction system installed
in a bypass loop and operated at a temperature of ~150°C. The extracting
phase must necessarily have extremely small miscibility with and reactivity
toward sodium.

A literature search has been conducted to ascertain, by elimi-
nation, whether or not materials having the desired properties do exist.
This process has led to the selection of several classes of high-boiling
organic compounds expected on theoretical grounds to have the necessary
very low reactivity toward hot sodium. Preliminary tests of representative
compounds from each class for long-term inertness toward sodium at
150°C will be conducted. Appropriate equipment for these tests has been
designed and ordered and will be assembled shortly.

5. Cover-gas Monitoring

a. Nature and Control of Sodium Aerosol Formation (W. E. Miller)

Not previously reported.

The objective of this work is to assess the magnitude of for-
mation of sodium aerosol at proposed LMFBR conditions. Proposed
LMFBR sodium temperatures during normal reactor operation range from
800 to 1200°F. The corresponding range of sodium vapor pressure is
0.73 to 52 Torr. In the pool-containment approach (used at EBR-II and
proposed for LMFBRs), the cover gas is exposed to the full range of
sodium temperatures.
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The fraction of sodium vapor condensed to aerosol on cooling
the sodium vapor-carrier gas mixture will depend on the ratio of thermal
diffusivity to mass diffusivity in the mixture. High mass diffusivity will
tend to promote direct condensation on the cooler surfaces above the sodium
pool, whereas a low mass diffusivity will tend to promote aerosol formation
within the cool gas-boundary layers. However, no experimental data on the
diffusivity of sodium vapor has been found. For nonpolar simple gases, dif-
fusivities may be estimated from viscosities; correlations for making such
estimates for sodium are being examined.

The first experiments will be done in an inert-atmosphere glove-
box. Sodium will be heated in a long tube cooled at one end, and an attempt
will be made to view aerosol formation through a Pyrex window in the tube.
The gas phase will be sampled and analyzed to determine the mass concen-
tration of sodium aerosol.

6. Materials Compatibility

a. Candidacy of Vanadium-base Alloys for Cladding LMFBR
Fuels (T. F. Kassner, K. Natesan, and C. A. Youngdahl)

The objective of this program is to develop enough understanding
and information so that a first assessment of the adequacy of vanadium al-
loys as fuel cladding for LMFBR can be made.

(i) Rotating-disk Corrosion Studies

Not previously reported.

The corrosion of vanadium in liquid sodium is being inves-
tigated under the well-defined hydrodynamic conditions produced by the
rotating-disk sample geometry. Data were obtained by removing the disk
sample from the sodium at several time intervals and determining the
weight and dimensional changes. For a number of rotational speeds, the
amount of metal lost at 600°C varied directly with time. The linear time
law had also been followed during earlier 80-day exposures of vanadium
and vanadium-base alloys in loop experiments* under conditions of tem-

perature and oxygen concentration in sodium where weight losses were
observed.

The effect of velocity on the corrosion rate at 600°C and
16 ppm oxygen in sodium is shown in Fig. I.C.3. The region of laminar
flow (i.e., Re = 1x10% to 1x10°) in these experiments corresponds to a
range of rotational speeds between 5 and 500 rpm. The dependence of the
corrosion rate on the half-power of the rotational speed at the higher

"‘Ruther, W. E., The Corrosion of Vanadium and Vanadium-Base Alloys in Liquid Sodium, ANL-7505 (May 1969).
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Containing 16 ppm Oxygen at 600°C experiments, the oxygen concen-
trations in sodium are determined by
the vacuum distillation method. These data are correlated with oxygen con-
centrations from solubility data* at the cold-trap temperature and emf
values obtained from United Nuclear Corp. oxygen meters. An electrode
assembly that failed after one year in sodium at 337°C was replaced recently
and is operating satisfactorily. The other electrode assembly that has been
in operation for over 18 months developed a sensitivity to changes in ambi-
ent temperature. Thermostats have been installed on both electrode as-
semblies to minimize the problem.

(ii) The Effect of Calcium on the Solubility and Activity
of Oxygen in Sodium

Last Reported: ANL-7606, pp, 31-33 (Aug 1969).

The addition of calcium to sodium is known to decrease the
activity of dissolved oxygen to very low values. From this decrease it can
be predicted that vanadium alloys in contact with such sodium will contain
less oxygen. If the calcium concentration required to limit oxygen content
of vanadium alloys to an acceptable level is low enough so that structural
components are not adversely affected, the technical feasibility of using
vanadium alloys will be greatly improved.

Studies of the effect of calcium on the activity of oxygen in
solution in sodium at 350°C are in progress, using United Nuclear Corp.
oxygen meters. In one series of measurements, incremental calcium ad-
ditions to sodium were made. Following each addition the oxygen cell was
allowed to reach a steady value, samples were distilled, and the residues
were analyzed for sodium and calcium. Typically, several hours were
required for cell voltage stabilization. The results are givenin Table I.C.1. As
the total calcium was increased, consistent reduction of oxygen activity was indi-
cated by the oxygencell. The results of chemical analysis are incomplete.

*K assner, T. F., and Smith, D, L., ANL-7335 (Sept 1967).
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TABLE I.C.1. Effect of Calcium on Oxygen
Activity in Sodium at 350°C

Oxygen Cell

Total Ca Potential Calculated O
Added (ppm) (V) Activity (ppm)
0 55 8.2
25 1172 355
43 il le 0.05

aA steady potential could not be maintained.

Experiments at 350°C with a higher initial oxygen concen-
tration (about 15 ppm) in sodium are in progress.

b. Analysis of Nonmetallic Impurities in Sodium by Equilibration
of Refractory-metal Wires (D. L. Smith and R. H. Lee)

Last Reported: ANL-7577, pp. 153-155 (April-May 1969).

The equilibration technique with vanadium, niobium, and tanta-
lum wires has been used to measure the oxygen concentration in EBR-II
primary sodium. The wires were exposed in position 4C3 of the core for
517 hr with the reactor operating at the 50 MW power level. The sodium
temperature at the exposure position was estimated to be 477°C.

Apparently, the vanadium wire had corroded completely since
it was not found when the capsule was opened. This indicates that the oxy-
gen concentration of the reactor coolant was above that (<0.1 ppm) required
to oxidize vanadium to vanadium oxide. This result is not unexpected as
the solubility of oxygen in sodium at the cold-trap temperature of ~121°C
is 0.68 ppm.* ‘

The tantalum wire was highly radioactive after exposure, and
only qualitative analyses were performed. The wire was ductile and did
not appear to have lost significant weight.

The niobium wire was recovered and analyzed first by in-
ternal friction and then by vacuum fusion for oxygen, nitrogen, and
hydrogen. The internal-friction measurements indicated an oxygen con-
centration greater than 0.5 ppm oxygen in sodium. This is the maximum
concentration that can be determined by equilibrating niobium wires at

this low exposure temperature. The vacuum fusion results are incomplete.

*Ibid., see previous page.



A second series of wires (V, Nb, V-10 wt % Cr, and V-20 wt %
Cr) have been placed in EBR-II prior to the run at 62 MW. The increase
in exposure temperature resulting from the higher power level and the
decrease in the exposure time should provide more quantitative results.

D. Systems and Plant Development

1. Plant and Design

a. Contract Management, Technical Review, and Evaluation
(L. W. Fromm and K. A. Hub)

Last Reported: ANL-7618, p. 23 (Sept 1969).

(i) Evaluation of 1000-MWe Follow-on Study Task Reports.
The ANL evaluation of the Westinghouse Task-I report has been trans-
mitted to Westinghouse for comment. This evaluation will be included in
the final ANL quarterly evaluation report that is being prepared.

The evaluation of the Task-II, -III, and -IV reports of all
contractors is proceeding on schedule. Approximately 30% of the evaluation
has been drafted. A draft of the evaluation report should be completed by
January 16, 1970

45
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E. EBR-II--Research and Development

1. New Subassemblies and Experimental Support (E. Hutter)

a. Experimental Irradiation Subassemblies (O. Seim)

Last Reported: ANL-7618, pp. 24-29 (Sept 1969).

(i) Mark-L61 Irradiation Subassembly (O. Seim and W. Ware)

The preliminary design of a new subassembly for in-pile
creep studies has been started. This subassembly will have the same
external dimensions and configuration as previous subassemblies.
Internally, however, a unique structural arrangement is necessary to pro-
vide the proper environmental conditions for the experiment.

The experiment will comprise an array of 61 sealed and
pressurized tubes. Each tube will be 40 in. long and 0.230 in. in diameter.
Spiral spacer wires, used in previous subassemblies, will not be used
because they might interfere with the anticipated changes in tube diameters.
Tube spacing will be maintained only at the ends of the tubes. During initial
tests, the tube-wall temperatures will be kept at an average of approximately
750°F within the 900°F environment of the core. Therefore, 2 thermal shield will
be provided around the entire length of the 61 -element tube bundle. The shield
willbe similar to the one inthe Mark J-19 (see ANL-7618). It will comprise
a hexagonal liner tube inside of the outer hexagonal tube, with a l/lé-in.
annulus between the tubes. The annulus will be sealed at the top so that
primary-tank blanket gas (argon) will be trapped and held in the annulus
when the subassembly is lowered into the primary tank. The argon-filled
annulus will form an efficient thermal barrier.

For low-temperature experiments, the shield will reduce
transfer of heat from the hotter adjacent subassemblies. A high rate of

sodium flow will be used to keep the specimens at the desired temperature.

2. Instrumented Subassemblies (E. Hutter and A, Smaardyk)

a. Test One and Two

(i) Assembly of Test-2 Subassembly (C. Divona)

Previously Reported: ANL-7618, pp. 29-30 (Sept 1969).

After brazing of the bulkhead, leaktesting of the leads
disclosed a leak in the l/8-in. pressure-transducer gas tube of capsule
No. 11. Further investigation showed that the leak was at the bulkhead
braze elevation on the drywell side. Microscopic examination showed a
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hairline crack in the tube, which extended ~120° around the tube. The crack
was at the surface of the high-nickel braze material (Coast Metal 60) which
had been used to braze the tube into the bulkhead.

It was decided to repair the crack by brazing with an alloy
having a melting point somewhat lower than the 1182°C melting point of
Coast Metal 60. Rebrazing with Coast Metal 60 or any other material with
a similar or higher melting point would have remelted the bulkhead braze
and jeopardized all the leads in the bulkhead.

Test brazes with two nickel alloys having a lower melting
point than Coast Metal 60--Nioro (mp, 950°C) and Nicusel (mp, 795°C)--
were made in reducing atmospheres. Tests of several brazed samples
showed that these brazing alloys either were too active or did not flow.

One test silver braze was made with an alloy called

Easyflow (mp, 650°C), using manually applied heat and a flux. This method
combined the advantages of low melting point, good flow characteristics,
and local application. It had, however, the disadvantage of using a rather
corrosive flux. A second test braze made with this alloy and the same flux
was tested at 900°F while pressurized to 100 psig. After 300 hr at these
conditions, no corrosive effect was detected by leak checks. This test will
be continued for several months,

The crack in the pressure-transducer gas tube was repaired
by silver brazing the cracked area manually. A split sleeve was placed over
the cracked region, and the sleeve and bulkhead were heated locally with a
torch. Then, the silver-brazing alloy, used with a flux (Handyflux), was
applied. Subsequent helium leaktesting of the braze showed no leakage
greater than 2 x 107'° cc/sec of helium.

The remaining extension-lead junctions were completed,
and all extension leads and tubes were fastened to the drywell liner tube.
The outer extension tube was installed over the drywell inner tube after
the extension leads had been covered with an 0,002-in.-thick stainless steel
sheath to protect the quartz insulation. The integrity of the extension leads
was subsequently tested by electrical measurements and found to be satis-
factory. The outer extension tube then was welded to the bulkhead and
leaktested.

With the subassembly vertical, steel shot was poured into
the shielding zone, and a silicone-rubber compound was poured over the
shot to form a retaining barrier. After returning the subassembly to the
horizontal position, the coupling was installed, and the coupling seals were
satisfactorily leaktested. The terminal box was installed on the extension
tube, and the four pressure-transducer gas fittings were connected and
leaktested. A bellows was provided between the flux-monitor tube and the



sodium-shutoff valve within the terminal box to allow for differential expan-
sion between that tube and the extension tube.

Wiring of the terminal box connectors has begun.

(ii) Shipping Container for Instrumented Subassembly Test 2

Not previously reported.

A shipping container has been constructed for transporting
the test-2 instrumented subassembly, containing unirradiated fuel capsules,
to the EBR-II site. The container is required to give adequate support and
to prevent transmission of shock loads to the subassembly during transport.
Considerable rigidity and shock-absorbing capability have been designed into
the container. It consists of a large, rigid outer box, weighing approximately
7006 1b, into which a smaller box, weighing approximately 1200 1b, fits with
approximately 11-in. clearance. The space between the inner and outer boxes
is filled with urethane pads.

The outer box, 22 in. x 24 in. x 38 ft long, is constructed of
steel and has shock-absorbing pads spaced at 4-ft intervals.

The inner box, 10 in. x 8 in. x 37 ft long, is constructed of
steel, and has rubber-bushed clamps to support the instrumented sub-
assembly at 52-ft intervals along its length. The terminal-box flange
of the subassembly will be bolted to the top clamp. The inner box not only
will rigidly support the subassembly during shipping, but will protect the
subassembly while it is being handled at EBR-II prior to installing it in
the reactor.

An engineering analysis of the container was made to see
if it would meet the safety regulations imposed on containers for shipping
radioactive materials in "Safety Standards for Packaging of Radioactive and
Fissile Materials,” AEC Appendix 0529. This analysis was principally
addressed to (1) possible significant chemical, galvanic, or other reactions
of the packaging components and contents; (2) closure integrity under
various loadings; (3) adequacy of lifting devices; and (4) consideration of
solar heating and low ambient temperatures. The results of the analysis
indicate that the shipping container will meet the regulations.

3. Coolant Chemistry (D. W. Cissel)

a. Sodium Coolant Quality Monitoring and Control

Last Reported: ANL-7618, pp. 31-34 (Sept 1969).

(i) Analytical Cold Trap (O. Seim, E. Filewicz, and P. Elias)

To permit the analysis of various compounds or elements
that precipitate in a cold trap throughout its range of temperatures, a small
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analytical cold trap is being designed for the EBR-II radioactive sodium
chemistry loop. A prototype analytical cold trap will be contructed to verify
temperature distribution using nonradioactive sodium. Preliminary studies
indicate that the cold trap should be 48 in. long and should include a seg-
mented titanium central tube of approximately l-in. diameter which is
surrounded by a 2-in.-dia tube. A segmented tube was chosen for conven-
ience in analysis.

Sodium at a temperature of 700°F will enter through the
top of the trap, pass down the central tube, and leave the bottom of the tube
at a temperature of 220°F. The sodium then will flow upward through the
annulus between the two tubes, leaving the top of the annulus at a temperature
of 660°F. Air cooling will be applied to the lower 18-in. portion of the 2-in.
tube, which will be finned externally, to establish and maintain the desired
temperature relationships. Proper selection of the length of the regenerative
heat-transfer surface on the central tube and of the amount of air-cooling
surface on the outer tube is critical in establishing the temperature distri-
bution throughout the cold trap. Heat transfer calculations have shown the
significance of variations in the areas of these heat-transfer surfaces.

4. Experimental Irradiation and Testing (R. Neidner)

a. Experimental Irradiations

Last Reported: ANL-7618, pp. 34-35 (Sept 1969).

Table I.E.1 shows the status of the experimental subassemblies
in EBR-II as of October 15, 1969.

5. Systems Engineering (B. C. Cerutti)

a. Surveillance, Evaluation and Studies of Systems

Last Reported: ANL-7618, pp. 37-40 (Sept 1969).

(i) Surveillance of System Performance at 62.5 MWt. All
systems operated satisfactorily during the run at 62.5 MWt. The turbine-
driven feedwater pump was able to carry the fuel feedwater load up to 62.5 MWt.
Although the steam consumption of the feedwater-pump turbine was higher
than the manufacturer's performance curves indicate, no control problems
were encountered. The main turbine generated about 18,600 kWe (throttle
steam flow ~170,000 lb/hr) with the reactor at 62.5 MWt. This is in agree-
ment with the values predicted for operation at 62.5 MWt,

During the increase of power to 62.5 MWt, acoustical meas-
urements were obtained from each of the two superheaters. A frequency
spectrum was determined from accelerometers located at three different
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TABLE I.E.1. Status of EBR-II Experimental Irradiations as of October 15, 1969

Estimated
Subassembly Accumulated Goal
No. and Date Capsule Content and Experi- Exposure Exposure .
(Position) Charged (Number of Capsules) menter (Mwd) (Mwd) Burnup!
XG0F 716/65 U0,-20 wt % Pu0,  (2) GE 24,845 28,700 6.4
(701)
X604 716/65 U0,-20 wt % Pqu (2 GE 26,041 45,000 6.7
(781)
X0188¢ 10/2/69 Structural (3 GE 535 10,000 02 +58 - 60
e2) Structural (2 ANL 02 +58 - 60
Structural (D ANL 0.2
Structural (n PNL 0.2
X020 113/67 uo: 'PuOZ 9 GE 16,004 20,400 6.5
(685) UC=20 wt™% PuC (3) UNC 7.1
Structural (a4 PNL 45
Structural (2 ANL 45
Graphite {5} PNL 4.5
X0218 2/23/69 Structural (6) PNL 16,175 23,200 30+410-7]
201) Structural (n PNL 7211 9,000 3.0
X027 112167 U0,-25 wt % PuO2 (18) GE 13,321 16,000 75
(4B3) Structural (n PNL 53
X033 12/22/67 UC-20 wt % PuC (19) UNC 12,474 12,200 6.2
(584)°
X034A¢ 9130/69 Structural (4 ORNL 535 3,800 03+488-51
(2F1) Structural (3) ORNL 03
X035 4/13/68 Structural (n ORNL 13,119 44,800 3.0
(7B3)
X0362 7/25/68 U0,-25 wt % PuO, (19) GE 10,725 43,300 2.8
(7€1)
X038 5/7/68 Structural (n INC 12,701 17,700 4
(7C5)
XO40A® 9/30/69 U0,-20 wt % Pu0;  (18) ANL 5% 4,80 03 +359-38
(582) U02-20 wt % Pu0; (16 GE 03+ 360 =39
X041 7/24/68 Structural (n PNL 11,161 16,700 24
(7A3)
X043 2/20/69 U0p25 wt % Pu0,  (37) GE 6,441 11,000 35
(4p2)
X044 8/28/68 Oxide Insulator (Y LASL 9,836 12,000 L6
(7AD)
X0508 2/23/69 U0,-20 wt % PuO, (4 GE 6,441 7,500 36+ 7.7 = 113
(4c2) U0,-28 wt % PuO, (4 GE 55
U02-20 wt % Pu0;  (5) ORNL 35
UC-18 wt % PuC (2 w 35
Structural (a GE 25+530-178
X0512 12/16/68 U0,-25 wt % PuO, 3n PNL 6,986 16,400 14
3A2)
X0542 33169 U0,-25 wt % Pu0, (37 PNL 5,841 10,000 3.1
(4ED)
X055 2/23/69 UC-15 wt % PuC 19) UNC 7211 20,000 (i
(6A4)
X0562 4269 U0z-25 wt % PuO, 3n GE 5,841 10,600 i
(5¢2)
X057 2/23/69 Structural (n PNL 7,211 15,000 3.0
(2B1)
X058 4/24/69 U0p-25 wt % Puo, (37 GE 5,265 16,000 19
(6F1)
X059 4/23/69 U0z-25 wt % PuO, (37 PNL 5,265 17,500 18
(4A1)
X061 4/23/69 Structural (n INC 6,035 18,000 13
(7A5)
X062 52369 U0p-25 wt % Pu0, (37 GE 4,033 13,400 18
(6F3)
X063 6/29/69 Magnetic Materials (7 ANL 3,701 5,400 0.8
(7F5)
X0642 5/28/69 U0y-25 wt % Pu0, (19 GE 4,033 10,700 23
(aF2)
(ngAc 10/2/69 Structural 23) ANL 535 600 0.1+039-04
oo 101169 U025 W% PuD,  (7) e s 20,700 0

3Temporarily removed to storage basket for Run 38A.

‘Approximate accumulated center burnup on peak rod (fuels, at. %; nonfuels, nvt x 10-22),
CNew or reconstituted subassembly charged in reactor grid for Run 38B.

previous exposure from another subassembly.

X033 was relocated to 584 for Run 38B.
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locations on each superheater. The frequency range analyzed was 2-500 cps.
There was no appreciable change in the amplitude or shape of the frequency
spectrum as the power level was increased from 20 to 62.5 MWt, At power
levels below 20 MWt, there were some changes in the spectrum, but these
are attributed to system noise directly associated with low-power operation.
This noise originates from induction heating, check valves, and cycling flow-
control valves.

During operation at 62.5 MWt, performance of the steam-
bypass system was tested. Bypassing of steam involves routing high-
pressure steam through a pressure-reducing station and then directly
(through a desuperheater) to the condenser without passing through the main
turbine. Initial testing of the bypass system revealed that the large steam-
bypass valve oscillated whenever the steam flow through the valve was about
140,000 lb/hr (56 MWt). Stable operation could be achieved at lower and
higher steam flows. The valve manufacturer recommended that the range
spring of the valve be changed. The change was made, after which additional
steam-bypass tests were performed. Two transient tests were conducted
with the reactor at 62.5 MWt:

(1) With the reactor at 62.5 MWt and the turbine on initial-
pressure regulator, the incoming line breakers were tripped open.

(2) With the reactor at 62.5 MWt and the turbine on initial-
pressure regulator, the turbine was tripped off.

The firsttest demonstrated satisfactory operation of the turbine
autotransfer system. However, the steam-bypass valve did not open fast
enough to avert high steam pressure and subsgquent lifting of the Pressur-
matic relief valve. The steam-bypass valve was opened manually about
15 sec after the transient was initiated.

The second test demonstrated satisfactory operation of the
condenser and cooling tower under maximum heat load; however, as in the
first test, the steam-bypass valve failed to respond fast enough to avoid high
steam pressure. The Pressurmatic relief valve again opened. The steam-
bypass valve was opened manually.

These tests showed that the large steam-bypass valve suc-
cessfully handled the plant steam generated up to 61 MWt. As power was
increased to 62.5 MWt, the valve started oscillating, resulting in oscillations
in steam-plant pressure. The small steam-bypass valve was closed, thereby
increasing the flow through the large valve. The increased flow loaded the
valve sufficiently to damp the oscillations.

After the 62,5-MWt run, the original range spring was rein-
stalled because the range of the new spring was too narrow for satisfactory
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control operation, Because of the unsatisfactory performance of the steam-
bypass system, operation of the system is being evaluated and will be
corrected.

6. Reactor Analysis, Testing and Methods Development

Last Reported: ANL-7618, pp. 44-55 (Sept 1969).

a. Transient Response of Core-subassembly Outlet Thermocouples
during Power Decreases (J. R. Karvinen)

Measurements of the transient responses of specific core-
subassembly outlet thermocouples were made during routine rod-drop
studies at 62.5 MWt, The twelve thermocouples used in the studies were
those modified for the experiments with the shielded twisted-pair leads.

In effect, the time elapsing between the reactivity drop and the time required
for the thermocouple output to register 90% of the final equilibrium output
defines a transfer function between reactivity and thermocouple response,

Figure I.E.l shows the actual response data for five of the twelve
thermocouples during a typical rod drop. Figure I.E.2 shows similar data
for an inadvertent reactor trip from 62.5 MWt. In all cases the responses
are characterized by a transport lag of approximately 0.5 sec and a typical
temperature transient governed by the time constants of the individual ther-
mocouples, If the total response time for a given thermocouple is defined
as the time required for the response to achieve 90% of its final value, the
typical total response time of the outlet thermocouples is approximately
2 sec. Of the 2 sec, approximately 0.5 sec consists of a transport lag. The
remaining portion, 1.5 sec, is attributed to the time required for the response
to reach 90% of the equilibrium value (essentially a time lapse equivalent to
three thermal time constants). Estimates of transport lags and the basic
time constants for eight thermocouples are summarized for both rod-drop
and scram transients in Table I.E.2,

The results shown in Figs. I.LE.l and I.E.2 and in Table L.E.2
are significant. The relatively noise-free signals shown in the figures
illustrate the high quality of thermocouple signals obtainable by the shielded
twisted-pair modifications. (The 17.5-Hz noise apparent in the signals was
directly caused by the measuring apparatus and has since been eliminated.)

b. The Effect of Phase Transformation in EBR-II Driver Fuel on
Power Coefficient (J. K. Long)

As the power level of the reactor has been increased from 45 to
50 MWt in August 1968, and from 50 to 62.5 MWt in September 1969, the
temperature of more and more of the fuel has been raised above the level
(550°C) at which metallurgical transition to the gamma phase is initiated.
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TABLE I.E.2. Temperature Response of North-column
Subassembly Outlet Thermocouples

Thermocouple Position Transport Lag Time Constant
No. No. (sec) (sec)
503A 2Dl 0.6 054
2Dl 0.58 0.53
2D1 0.6 (0] 2
2D1 0.6 0537
503A2 2D1 0.46 0.48
503C 3Cl1 0.6 0793
3Cl1 0.96 0.47
3Cl1 0.82 0.56
3Cl1 S0 U3ss
Siolsiieh 3C1 0.64 0.6
503E 2B1 0.68 O} st
2B1 0.62 ) 25
2B1 0.6 0.27
2B1 0.7 QSR
503 R 2Bl 0.42 0.56
5 03RS 3B1 0.64 0.8
503H 2A1 OF 0.33
2Al1 0.57 0] 2
2A1 0.6 0r33
2Al1 0.8 0.28
503H2 2Al 0.46 0.64
503K? 2F1 0.5 0.6
503AA% 1Al 0.46 0.56
503AD? D4 225 %5
S Pripidata.

Since the phase transition involves a change in fuel density, and in effect,

a change in the temperature-expansion coefficient of the fuel, assessment
of the extent of such changes, the location of such changes in the core, and
the resulting reactivity effects has become important. These changes were
calculated in the manner described below.

Dilatometer data are available for unrestrained, unirradiated
fissium-alloy fuel.* From these, temperature-expansion coefficients were

& Zegler, S. T., and Nevitt, M. V., Structures and Properties of Uranium-Fissium Alloys, ANL-6116 (1961).




estimated to be 23 x 107¢ and 56 x 107 AL/L per °C, respectively, for the
regions below and above 550°C. Fuel temperatures were estimated for

21 points on each of six fuel elements, one fuel pin representing each row
of the reactor core. The temperatures of fuel-pin surfaces were calculated
with the HECTIC program, which is based essentially on a multiregion heat
balance applied to the flowing sodium, using appropriate heat-transfer
coefficients. Computation of the temperatures within the fuel pin required
estimation of the thermal conductivity, which in turn is a function of the
radiation-induced swelling.

Since the internal fuel temperatures depend on the thermal
conductivity, which is a function of swelling, and since swelling depends
on the irradiation temperature, a precise solution of the temperature
problem is an iterative process. For simplicity, it was regarded as
sufficient to estimate the irradiation temperature from the nominal thermal
conductivity, and to use this to estimate the swelling at each point. The
swelling thus obtained was used to estimate a more appropriate thermal
conductivity at each point, and thus to recalculate the temperature once.
Further iterations were neglected.

An approximate temperature computed with the nominal thermal
conductivity (0.3425 W/cm-°C) was applied to O'Boyle's data* to obtain the
swelling, and then di Novi's correlation of swelling and thermal conductivity**
was used to obtain a more appropriate thermal conductivity at the 21 points
in each of the six pins. Uniform burnup of 0.0065 at. %, representing the
start of a run, was used. Internal temperatures at each point were calculated
from the relation (see Progress Report for April 1968, ANL-7445, pp. 47-48)

t(r) :( -a +faz+ 1/2 q"(r% - r?) b)/b‘,

where a and b are parameters describing the linear variation of conduc-
tivity with temperature; k = a + bt; Tp is the outside radius of the pin; r is the
variable radius; q" is the heat generation per unit volume, assumed to
follow a chopped cosine function in the axial direction; t(r) is the difference
between the temperatures at r and at r_. With t(r) computed, the radius,
if any, at which the internal temperature exceeded 550°C was determined,
and the fraction of the cross-sectional area in the region of high expansion
then was found. As expected, the isothermal surface at 550°C was found to
be shaped roughly like a cone with its apex oriented downward.

The effective temperature-expansion coefficient at each cross
section was assumed to be the larger expansion coefficient multiplied by
the area fraction above 550°C plus the smaller expansion coefficient
multiplied by the remaining area fraction. The result multiplied by the

* laternal communication, D, R. O'Boyle to R. J. Dunworth (April 6, 1967).
** nternal communication, Roberta di Novi to J. H, Kittel (Feb, 12, 1968).
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average temperature change at that cross section resulting from a 1-MWt
power change yields the fuel component of the power coefficient.

The worth (W) of the expansion per MWt for all the intervals
in a pin was computed from

W = Z VJQWJT"O)J- - ®E¢E Z Vj'
j J

where V., ¢, and (b* are, respectively, the expansion, flux, and adjoint at
the j'th interval, and ¢p and LZ)E are the flux and adjoint at the edge of the
core. This relation is equivalent to the assumption that fuel expansion re-
moves material from positions along the length of the pin and replaces an
equal amount at the end. Changes in the diffusion coefficient of the fuel
were neglected. The fluxes and adjoints for the central plane were taken
from a 22-group MACH-1 calculation collapsed to one group weighted by
the group fission cross sections, and were given a chopped cosine shape

in the axial direction. The W's thus obtained are relative rather than
absolute values, so the calculation was made in two ways: with the normal
low-temperature expansion coefficient throughout, and with the two-phase
thermal-expansion coefficients. The normal value has been independently
calculated to be about 0.7 Ih/MWt, and this normalization was used to obtain
the worth of the fuel expansion in the two-phase case by comparison of the
Wis. ©Of this 0.7 Ih/MWt, about 0.58 is due to the change in length of the
fuel and to the corresponding reduction in density of the fuel, and about 0.12
is due to replacement of sodium resulting from radial expansion of the pins.

The calculated results indicate that at 62.5 MWt the fuel compo-
nent of the power coefficient may be 70% larger under the conditions of the
problem than if the same temperatures were reached with the lower expan-
sion coefficient in effect. Almost half of the fuel is predicted to be above
550°C at 62.5 MWt.

Since the fuel component amounts to about 40% of the total power
coefficient, one would expect the slope of the PRD curve at 62.5 MWt to be
about 28% greater than at 45 MWt. Actually, the Run-38 data indicate that it
is only about 19% greater. Inaccuracies in estimating the expansion coeffi-
cient in the different ranges may account for some of this discrepancy. It
also is possible, however, that the cone-shaped <y-phase region in each pin
is somewhat constrained by the shell of a phase surrounding it, and thus the
expansion is not as extensive as the unconstrained dilatometer results
indicate. It is further possible that bowing effects could make a contribu-
tion which obscures the predicted increased expansion effect.

c. Rod-drop Studies (I. A. Engen)

To evaluate the effects of fuel burnup on reactivity feedback,
rod-drop experiments were conducted at the beginning and end of Run 37
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(total run length, 1200 MWd). All measurements were made with the
modified drop rod described in the June 1969 Progress Report, ANL-7581,
pp. 36-38.

Rod-calibration studies conducted at 500 kW at the beginning
and the end of Run 37 established respective values of $0.02151 and $0.02149
for the worth of the drop rod. The results substantiate those derived from
similar studies conducted during Runs 35 and 36; for these runs, too, no
significant change in the worth of the drop rod was noted during the run.

Using the calibrated values for rod worth, the feedback functions
established from data taken during the rod-drop experiments were fitted to a
time-dependent feedback model in the manner described by Hyndman and
Nicholson.* Figure I.LE.3 shows the fit of data taken at the beginning of
Run37 to the model, along with values established for time constants, feed-
back amplitudes, and the transport delay time. In the model, positive terms
correspond to negative feedback, and negative terms correspond to positive
feedback.

0.010

0.005]

FEEDBACK REACTIVITY, dollars
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0.000 ! i
0 5 10 15
TIME, sec

Fig. LLE.3. Fit of Rod-drop Data from Beginning of Run 37 to Time-
dependent Feedback Model (50-MWt power; 100% flow)

*Hyndman.R. W., and Nicholson, R. B., The EBR-II Feedback Function, ANL-7476 (July 1968).
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The mathematical model established at the beginning of Run 37
was shown to be in essential agreement with data taken at the end of the run.
A slight improvement in fit, however, was obtained by reducing the amplitude
of the 0.4-sec prompt term by about 4%. Figure L.E.4 shows the fit of the
experimental data for the end of Run 37 to the revised model.
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Fig. LLE.4. Fit of Rod-drop Data from End of Run 37 to Time-
dependentFeedback Model(50-MWtpower; 100% flow)

An inspection of the measured feedback reveals essentially no
significant difference in the reactivity feedbacks measured at the start
and at the end of Run 37. Any difference between the two sets of feedback
probably can be explained in terms of noise that has an amplitude of the
same order of magnitude of the small differences.

Since similar results were obtained during Runs 35 and 36, it
was concluded that feedback characteristics remained essentially unchanged

during each of these runs and during Run 37.

d. Worths of Control Rods in EBR-II (L. B. Miller and R. E. Jarka)

DSN (S;) calculations of the control-rod worths in Run 32B have
been completed. The worths were determined by successive k calculations
in (x,y) geometry using the DOT5 code. Cross-section set 23806 was used
with the usual 42 x 42 mesh, providing four mesh points per subassembly in
the first ten rows of the core and blanket.
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The computed and measured values are given in Table L.LE.3,
The computed values in %0k were converted to Ih using 1%08k = 430 Ih,
A correction factor of 0.88 was applied to the computed numbers to account
for the fact that the control rods are withdrawn into the axial blanket and
are not totally removed from the system as is required for the (x,y)
calculations.

TABLE 1.E.3. Control-rod Worths in Run 32B

Control- Control-
oo 1A (Ih) vad kgy (Ih)
Position Theoretical Experimental Position Theoretical Experimental
5Al1 142 142 5D3 167 167
5A3 167 167 5E1 143 139
5B1 156 159 5E3 153 155
5B3 159 165 6E1 148 141
5C1 137 136 6E3 166 169
5C3 145 150

The agreement between the theoretical and experimental
values is generally good. The difference between the computed and meas-
ured worths ranges from zero to 5%. In all cases except one, the theoretical
rod worths show a smaller deviation from the mean than was measured.
This is to be expected because local perturbations are underestimated in any
calculation with a finite number of discrete space points and discrete
directions.

This agreement between measured and computed rod worths
serves to corroborate the computed flux tilt and asymmetric power-
distribution curves reported in the September 1969 Progress Report,
ANL-7618, pp. 54-55.

e. Doppler Coefficients for EBR-II Configurations in Which Oxide
Fuel Predominates (B. R. Sehgal)

This work is a continuation of that reported in the March 1969
Progress Report (ANL-7561, pp. 46-48), in which the Doppler shutdown
reactivity coefficient was calculated for a proposed EBR-II oxide core
with 47 BeO subassemblies. This study has since been continued, and
results are reported here for three more oxide-core configurations: (1)2a
one-region oxide core; (2) a two-region oxide core* with different B2,
enrichments in the two regions optimized to give a minimum value for the
radial maximum-to-average power ratio; and (3) a one-region oxide core
with 24 BeO subassemblies. Table I.E.4 gives the specifications for these

*Golden, G. H., and Sehgal, B. R., Thermal-Hydraulic and Doppler Characteristics of Some Oxide Cores
for EBR-II (to be presented at the 1969 Winter Meeting of Am. Nucl. Soc.).
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three cores and for one on which the earlier calibration was based. Each
of these cores is assumed to be contained in a radial reflector and a radial
blanket. The geometry of the calculations is a one-dimensional cylinder
with an extrapolated height of 64.4 cm.

TABLE |.E4. Results of Calculations of Doppler Coefficients

Fuel: 20 wt % mixed Pu02-U0, wiith 20 wt % 240Py in Pu ‘
Radial Reflector: 27 cm thick; 13 vol % stainless steel; 23 vol % sodium, and 58 vol % nickel
Radial Blanket: 22 cm thick; 18 vol % stainless steel; 13 vol % sodium, and 59 vol % nickel
Geometry: Cylinder
Extrapolated Height: 64.4 cm
Doppler
; Equivalent Core Median Coefficient
Loeaiolme raationsin} Core Critical 235 Flux (TOkIaT) at
Core Configuration Fuel SS Na BeO Radius (cm) Enrichment (%) Energy (keV) 700 to 1500°K
1-region oxide 32.44 40.04 22.06 0.0 29.73 54.4 395 -0.00029
2-region oxide, with
minimum ratio of
max to avg power 31.58 40.55 21.97 0.0 29.70 45.4/68.1 397 -0.00023
1-region oxide with
24 BeO subassemblies 25.64 28.38 18.23 16.69 33.42 43.9 239 -0.00164
1-region oxide with
47 BeO subassemblies 22.39 25.71 18.73 29.60 3%.12 33.1 155 -0.00491

Two sets of broad-group cross sections for each of these cores
were derived with the MC? code* in homogeneous geometry at critical BZ,
using the ENDF/B data** and the resonance isotopes at 700 and at 1500°K.
Cross sections for the nickel-sodium reflector and for the depleted-uranium
blanket were similarly calculated, but at 300°K and B% = 0.0 cm~2.

The SNARG-1D codel was used to calculate the critical %*°y
enrichment at 700°K and subsequently the keff at 1500°K by changing to the
1500°K cross sections. The Doppler coefficients (TBk/ST) were calculated
from the Ak's obtained, using the assumption that the Doppler coefficient
was constant over the range from 700 to 1500°K. Tt

The results of the calculations are shown in Table I.E.4, along
with the values of the core median flux energies to indicate the relative
hardness of the spectra. In comparison, the core median flux energy for
the present loadings of EBR-II is = 406 keV.*

*Toppel, B. J., Rago, A. L., and O'Shea, D. M., MC2, A Code to Calculate Multigroup Cross Sections,
ANL-7318 (1967).
** Honeck, H. C., ENDF/B, Specifications for an Evaluated Nuclear Data File for Reactor Applications,
BNL-50066 (1966).
tDuffy, G. J., et al., SNARG-1D, A One-dimensional Discrete-ordinate Transport-theory Program for the
CDC-3600, ANL-7221 (1966).
ttFroelich, R., and Ott, K., "Results of Doppler Coefficient Calculations for Fast Reactors and Comparison
of Different Methods," in Proceedings of the Conference on Safety Fuels, and Core Design in Large Fast
Power Reactors, October 11-14, 1965, ANL-7120, p, 440,
#Madell, J. T., and Jarka, R. E., Preliminary Investigation of the Neutronic Characteristics of a Mixed-
oxide Fuel Loading of EBR-II, Trans. Am. Nucl. Soc. 12(1), 184 (1969).




The present calculations neglect cell heterogeneity in calculating
the broad-group cross sections. However, recent results* indicate that for
the 0.188-in. rods in these cores, this neglect may be a reasonable approxi-
mation. There may be errors in the ENDF/B 28y cross sections between
1 and 10 keV because recent studies** have shown substantial differences
between ENDF/B calculated and measured Doppler coefficients.

Table I.E.4 shows that cores with no BeO give a very small
Doppler coefficient, and that a very substantial spectral softening and
increase of Doppler coefficient occurs as BeO is added. Potentially, it is
possible to get a relatively large Doppler shutdown reactivity; this may
not be desirable, however, for the role of EBR-II as a test reactor. The
core with 24 BeO subassemblies, which gives a Doppler coefficient of
~-0.0016, may be acompromise between spectral requirements and possible
safety requirements.t

;& Structural-subassembly Spectral Calculations Using Spatially
Independent Averaging for Group Constants (D. Meneghetti and
K. E. Phillips)

Fine-group fluxes and currents in the energy range of resonance
scattering at various positions in a steel-rich and in a nickel-rich structural
subassembly in an EBR-II-type core were given in the Progress Reports for
August 1969 (ANL-7606, p. 60) and for September 1969 (ANL-7618, pp. 49-51).

The fine spatially dependent solutions have been used to collapse
the fine cross sections to obtain a separate cross-section set for each
63-mesh interval, 15 of which are in the structural region.

»

For comparison, the analogous cases were calculated using
spatially independent collapsed cross sections. Two approaches were used.
Inthe first, the structural-region coarse-group cross sections were obtained by
weighting with the fine-group flux spectrum corresponding to the fundamental-
mode solution for the EBR-II core composition. In the second approach,
the structural-region coarse-group cross sections were obtained by weight-
ing the fine-group flux spectrum corresponding to an infinite region (e
zero buckling) of structural composition in which a uniform fine-group
fission-spectrum source is applied.

* Adkins, C. R., Murley, T. E., and Dyos, M. W., A Detailed Method for Calculating the Low Energy Multigroup
Cross Scctions and the Doppler Coefficient in a Fast Reactor, Nucl. Sci. Eng. 36, 336 (1969).
**Pond, R. B., and Till, C. E., Doppler Effect Studies as a Function of Reactor Spectra, Trans. Am. Nucl. Soc.
12(1), 272 (1969).
tCampise, A. V., Transient Analysis of EBR-II with a Predominantly Oxide-fueled Loading (to be presented
at the 1969 Winter Meeting of Am. Nucl. Soc.).
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The calculated central fluxes in the steel-rich and the nickel-
rich subassemblies are shown in Tables I.E.5 and I.E.6, respectively. The
simpler, spatially independent methods of cross-section weighting result
in sizable errors, especially at the lower energies.

TABLE I.E.5. Flux in Steel-rich Central Subassembly®

Ratio of Results of Coarse-group

LELEsrs, Fine to Fine-group Calculations

Energy at Group group

Group Bottom Sum 63 SetsP F.M.c B% = od
4 2:5 0.00249 1.00 1.00 0.98
5 3.0 0.00371 1.00 0899 0:99
6 3.5 0.00379 1.00 1.02 0.98
7 4.0 0.00260 0499 0.98 1.05
8 4.5 0.00189 0.98 1.05 1.01
9 5.0 0.00110 0.97 1.03 1.08
10 525 0.000613 0.99 0.97 1.04
Il 6.0 0.000240 0.99 118 1.08
12 6.5 0.000148 .99 0.90 1.14
E3 7.0 0.000043 299 {5 gl 1.19
14 {05 0.000012 0.99 1,17 1,50
15 8.5 0.000011 0899 0.74 1.32

2Normalized to applied source of unity per centimeter of system height.

bFifteen cross-section sets used in central-subassembly region; remaining sets
used in core and blanket regions.

€Core fundamental-mode weighting of cross sections for central subassembly.

dZero-buckling weighting of cross sections for central-subassembly region.

TABLE L.E.6. Flux in Nickel-rich Central Subassembly?®

Ratio of Results of Coarse-group

Lethargy Fine- 2 :
iz el to Fine-group Calculations
gy P group
Group Bottom Sum 63 SetsP E.M:© B2 = 0d
4 Z:b 0.00254 1.00 1.01 0.95
5 350 0.00360 1.00 0.98 1.02
6 3:5 0.00365 1503 0295 1.01
il 4.0 0.00277 (Ot 1702 0.97
8 4.5 0.00195 0.98 0399 1.03
9 5.0 0.00111 0597 (0} 1L 1.10
10 535 0.000683 0.94 1.34 1.06
11 6.0 0.000284 0:95 1.08 1,02
12 6.5 0.000115 0.96 1.23 1.12
s i) 0.000133 0.96 2,92 0.96
14 {5 0.000090 0.96 0.93 L0
15 8.5 0.000048 0.9% 3 1.25

@Normalized to applied source of unity per centimeter of system height.
Fifteen cross-section sets used in central-subassembly region; remaining sets
used in core and blanket regions.
CCore fundamental-mode weighting of cross sections for central subassembly.
dZero—buckling weighting of cross sections for central-subassembly region.
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g. Bowing Calculations (D. Mohr)

A check of the BOW-V calculations was made for EBR-II Run 25.
The following quantities and/or relationships were calculated by hand and
compared with BOW-V printed output for each row of subassemblies:
(a) unrestrained thermaldeflection. (b) relationship betweenbending loads and
centerline deflection; and (c) relationship between compression loads and
button compression.

Excellent agreement was noted in (a) and (b). However, a few
apparent unbalances in loads (for a given compression) were found in (c),
the highest percentage deviation from equilibrium being about 13% (or
3.3 1b/button).

Two new cases have been run with BOW-V, using the following
reflector-blanket configurations: (a) a blanket consisting entirely of depleted
uranium (corresponding approximately to Run 33); and (b) nickel reflector in
Rows 7-10, and depleted uranium in Rows 11-15.

Bowing deflections were calculated for 20 power levels in the
range from 0 to 125 MWt. For the first configuration, the results show some
inward bowing (31.3 mils for Row 6 at 62.5 MWt and 82.1 mils at 125 MWt).
For the other configuration, however, the results show essentially no inward
bowing (0 mil for Row 6 at 62.5 MWt and <1 mil at 125 MWt).

The lack of inward bowing for the nickel reflector is caused
primarily by the low temperature differentials in the hexagonal cans inRow 7
(e.g., maximum of 11°F AT at 62.5 MWt). The‘ effects of reflector-
subassembly stiffness and button stiffness are not important if the pre-
dicted hexagonal-can temperature differentials for Row 7 are valid. Thus,
the above preliminary results should be equally valid for other potential
nickel-stainless steel reflector configurations being considered.

h. Mechanical Analysis of IHX Nozzle (Lu Kang Chang)

An analysis of stress and buckling of the nozzle of the EBR-II
intermediate heat exchanger (IHX) was made, in which the nozzle was
assumed to be an infinitely long cylinder that is unrestrained longitudinally
and restrained laterally at the welding edge. Donnell's nonlinear elastic
theory of shells was used to derive the equations of equilibrium and natural
boundary conditions. The deformations in the prebuckling state were con-
sidered to be axisymmetrical. The prebuckling stresses and deformation
were obtained by solving the coupled equations of equilibrium and compati-
bility. Both simply supported and clamped boundary conditions were con-
sidered in the study. The possibility of buckling due to thermal loading also
was considered.
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The analysis indicates that the nozzle retains its mechanical
stability within the range of thermal loadings to which it was subjected in
this study.

1. Flow Calculations for High-temperature Reactor Experiments.

Calculations were made to determine the feasibility of raising
the temperature of flowing sodium by using gamma heating within a stain-
less steel susceptor. The susceptor would be placed in Row 7 of EBR-II,
and the hot sodium would be used in a study of resistance of various reactor
materials to the flow of high-temperature sodium. The sodium inlet tempera-
ture was assumed to be 700°F, and the mass flowrate was set to provide a
temperature of 1250° for the sodium within the susceptor.

The results of the calculations indicate that the sodium outlet
temperature will be at a maximum of about 1256°F when the sodium flow-
rate is 147 1b/hr (0.36 gpm). For reasons explained below, the maximum
temperature will not be at the sodium outlet; rather, it will be approximately
13 in. from the outlet, or 7 in. above the core.

The "Guide for Irradiation Experiments in EBR-II" was used
to determine the rate of energy deposition within the susceptor: approxi-
mately 26,500 Btu/hr (7.76 kW). A portion of this energy is lost, however,
by radiant heat transfer from the outer wall of the susceptor and by conduc-
tion across the inert-gas insulator. Initial calculations, in fact, showed that
the heat losses due to these two mechanisms in the upper portion of the sus-
ceptor would be considerably greater than the heat deposited because of
gamma interactions. These losses would be great enough to prevent the system
from reaching and maintaining temperatures near the desired maximum
under reasonable sodium flows. It appears, therefore, that the outer surface
of the upper portion of the susceptor should be plated with gold to reduce
these heat losses. It has been calculated that gold plating would decrease
the rate of heat loss to about 2500 Btu/hr (0.73 kW), which represents a
decrease of approximately 50%. The remaining 24,000 Btu’/hr would be
available to heat the sodium. Even after gold plating, however, the heat
losses are still greater than the heat gains over approximately the upper
13 in. of the susceptor, which leads to the aforementioned conclusion that
the sodium temperature will decrease along this portion of the susceptor
to an outlet temperature of about 1244°F.

It is worthwhile to compare these results to those of a similar
experiment done in mid-1968. This experiment, in which a nickel sus-
ceptor and a sodium flowrate of 1.2 gpm (509 lb/hr) were used, yielded
a temperature rise of 240°F. The rate of heat transmission into the sodium
was thus about 36,600 Btu/hr. Making estimates of the heat losses at the
surface of that nickel susceptor and comparing the two systems under the
same assumptions lead to the conclusion that the power deposition is about
0.431 W/g in nickel and about 0.433 W/g in stainless steel. Thus, the power



depositions appear to agree within about 3%. This agreement should be taken
only as an indication that the results presented above are reasonably com-
parable with those obtained in the previous experiment and should by no
means be interpreted as an estimate of the accuracy of the calculations.

7. Driver Fuel Development (C. M. Walter)

a. Fuel and Cladding Surveillance

Last Reported: ANL-7618, pp. 57-61 (Sept 1969).

(i) Preliminary BEMOD Calculations for a Row-7 Blanket Fuel
Pin (J. F. Koenig, C. C. Ford, and C. M. Walter)

The BEMOD computer program was used to help determine
the characteristics of a blanket element inRow 7 during irradiation to a
burnup of 0.27 at. % (max).

Table I.E.7 gives the characteristics of the unirradiated
blanket fuel pin. Since the gas volume is less than the sodium volume,
there is a possibility of obtaining a high plenum pressure if there is suffi-
cient fuel swelling. The 55-in. length of the fuel pin was divided into 35 axial
nodes to obtain a satisfactory representation of the behavior of the elements.
The expansion coefficient and thermal conductivity of the blanket fuel were
assumed equal to those of the pure uranium metal. The thermal conductivity
was reduced as fuel swelling occurred. It also was assumed that no fission
gas was released from the fuel.

TABLE L.E.7, Characteri‘stics of
Unirradiated Blanket Fuel Pin

Fuel
Diameter, in. 0.433
Length, in. 55
Volume, in.’ 8.09
Cladding
Outside diameter, in. 0.493
Inside diameter, in. 0.457
Wall thickness, in. 0.016
Length, in. 613
Net volume, in.? i)

Bond Sodium
Volume in annulus between fuel and cladding, in.? 0.922
Volume above fuel (1.2-in. level), in.3 0.145

Gas

Volume, in.? 0.579
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The fuel-swelling characteristics of the blanket fuel are not
known; however, swelling studies have been made at PNL* on fuel of similar
composition. The PNL data for unrestrained swelling from these studies
were used for the blanket-fuel swelling model. It was then assumed that a
pressure of 1000 psi would reduce the swelling to 1/5 of its unrestrained
value at the temperature at which fuel swelling is maximum (995°F). At
a temperature of +100°F from the maximum, the swelling was assumed to
be reduced to half of the unrestrained value for a pressure of 1000 psi.

The following equation was used to represent the fraction volume swelling
of the fuel (AV/V):

AV/V = % burnup [1.2 exp(-1.21x 10~* AT?)]/[1 +(P/250)(1 0.75AT?/10%)], (1)

where P is the applied pressure in psi and AT is the difference between
995°F and the average fuel temperature in °F.

The calculations were made for the hottest element, next
to the core, in a subassembly in position 7N4. Based on fission-rate distri-
bution, the average heat rating was estimated as 5700 Btu/hr—ft, and the
maximum heat rating was 3.2 times this value. For a subassembly flow-
rate of 22 gpm, the rise in coolant temperature in the hot element was 191°F.

The blanket heat generation can vary significantly with the
nature of the adjacent subassemblies. For example, Miller** at ANL has
calculated that the heat generation may be increased by 50% if the blanket
subassembly is adjacent to an oxide subassembly in Row 7. Therefore, the
BEMOD calculations also were made at a heat rating of 8700 Btu/hr-ft.

BEMOD calculates the creep deformation of the cladding
based on gas pressure or fuel-cladding contact pressure. It also calculates
cladding swelling due to neutron fluence. Cladding swelling is described
byt

. 4 6,72
% AV/V =) s (nvt)l,n (101.55x10 /T-5.99x105/T )’ (2)

where T is the temperature in °K and % AV/V is the percent volume
increase.

The buildup of gas pressure in the blanket element was
found to be negligible. The change in cladding diameter (A D/D) was found
to be due entirely to neutron-fluence swelling and fuel-cladding contact
pressure. The calculations indicate that fuel-cladding contact would occur
at ~0.25 at. % burnup. The calculated fuel swelling and cladding strain at

*Leggett, R. D., et al., Basic Swelling Studies, BNWL-SA-154 (Sept 1965).
**Miller, L. B., private communication,
tClaudson, T., PNL, private communication,
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0.27 at. % maximum burnup qualitatively agreed with measurements made
of blanket elements having the same burnup. Increasing the power rating
increased the length of the fuel-cladding contact area. Calculations were
continued to the point where the increase in cladding diameter (AD/D)
was 2%. This occurred at 0.57 at. % burnup for a heat rating of 5700 Btu/
hr-ft and at 0.51 at. % burnup for a heat rating of 8700 Btu/hr-ft. For 2%
AD/D, 80% of the AD/D is due to neutron fluence. The maximum AD/D
for both heat ratings is shown as a function of burnup in Fig. I.E.5.

20
I I I l y The gas pressure built up to
/ 200 psi for the elements taken to
/i 2% AD/D, and the maximum fuel-
e Rt / cladding contact pressure
SODIUM AT = 290 °F g co pres was
15— \/ -~ 1400 psi. The length of the gas
plenum decreased from 2.3 in.
/ initially to 0.6 in. at 2% AD/D.
5700 Btu/hr-ft /
LVl Vi In summary, the magnitude of
o= 7 the calculated fuel swelling agrees
o well with the measured swelling. The
7 location and length of the fuel-cladding
/ contact area, however, are somewhat
o different. The maximum measured
b7 swelling occurs lower in the fuel
o element and over a greater length of
e fuel than calculated. These discrep-
G ancies are minor and may be due to
! | | | | the uncertainty in the heat rating
o 0.1 0.2 03 04 05 06 . .
MAXIMUM BURNUP, af. % and/or‘the maximum fuel swelling
occurring at a lower temperature
than the 995°F used in the model. The
measured fuel swelling tended to be
elliptical rather than circular, which may have been due to the external
restraints or coolant-flow distribution on the fuel pins. Additional calcula-
tions will be carried out with a modified fuel-swelling model to obtain better
agreement between the measured and calculated fuel swelling.

MAXIMUM CLADDING AD/D, %

o
I

Fig. LE.5. Calculated AD/D for EBR-II
Row-7 Blanket Element

(ii) 70%-enriched Fuel Experiment (J. P. Bacca,
A. K. Chakraborty, and G. C. McClellan)

Seventy-percent-enriched Subassembly C-2213S (reconsti-
tuted from previously irradiated Subassembly C-2193S at 1.55 at. % burnup)
was irradiated during Run 38B and attained a calculated burnup peak of
1.78 at. %. Postirradiation examinations will be conducted after the shut-
downs of EBR-II and the FCF air cell have been completed.



(iii) Controlled-flow Experiment (J. P. Bacca, A. K. Chakraborty,
and G. C. McClellan)

Controlled-flow Subassembly C-2188S was installed in the
core at the start of Run 38B and attained a calculated burnup peak of
1.77 at. %. Postirradiation examinations will be initiated after the shut-
downs of the reactor and the FCF air cell have been completed.

(iv) Surveillance of Extended-burnup Driver Fuel (J. P. Bacca,
A. K. Chakraborty, and G. C. McClellan)

Table I.E.8 summarizes the postirradiation examinations
conducted under this program during the month. The third column of the
table lists those additional tables of this Progress Report in which additional
data for each subassembly are presented.

TABLE 1.E.8. Extended-burnup Driver-fuel Subassemblies Examined during Month

Burnup Table Providing
Subassembly (at. % max) More Data Remarks

C-2073 1.74 ES0) High variation of silicon content and wide
range of swelling.

C-2170 1550 1.E.10 Subassembly contains ANL-produced
driver fuel having an average swelling.

B-3036 1552 T.E.11 Subassembly contains ANL cold-line fuel
elements with low silicon content. Swell-
ing is comparatively high, with a wide
range.

B-3038 1¥95 L.E 12 Amount of swelling is less than other
elements of high-burnup subassemblies.
Average value is only 8.1%; range is
5.9-10.5%.

B-3042 171 IEIHEIGE) Consists of cold-line fuel elements.

Batches with higher silicon content show
less swelling than batches with lower
silicon contents.

B-3046 1.75 1.E.14 Wide range of swelling, from 6.5 to16.9%,
could probably be attributed to the wide
difference in silicon concentration.

B-3047 1S I ETS Low-swelling data were obtained.

B-3048 1573 IL.E.16 Average swelling comparable with other
extended-burnup subassemblies.

B-387 1273 T 1T Swelling data were slightly lower than the
expected value.




TABLE I.E.9. Fabrication and Irradiation Data for
Extended-burnup Driver-fuel Subassembly C-2073

(Calculated burnup: 1.75 at. % max; 1.46 at. % avg)

Silicon Element T 1 Vol N
Injection- Content Number Burnup otiaF = urze/Swellmg
casting of Fuel of Range of Fuel (AV/V) (%)
Batch No. (ppm) Elements (at. %) Average Range
4212 260 14 1.66-1.73 12.09 9.1-15.0
4213 430 65 1.59-1.73 7.04 4.8-8.8
4214 340 12 1.59-1.69 6.7 7 5.7-8.1
TABLE I.E.10. Fabrication and Irradiation Data for
Extended-burnup Driver-fuel Subassembly C-2170
(Calculated burnup: 1.501 at. % max; 1.340 at. % avg)
Silicon Element e
Injection- Content Number Burnup Tot?IFVuiu(rrAl:,/S\\;/ellmg
casting of Fuel of Range g ue ) (%)
Batch No. (ppm) Elements (at. %) Average Range
63 IH 369 1 1.387 731 -
64 IH 333 3 1.39-1.45 10.0 8.7-11.86
64 II 302 1 L.l 8.78 -
65 11 313 26 1.12-1.38 Sl 7.1-10.00
Average for all elements 8.85
TABLE L.E.11. Fabrication and Irradiation Data for
Extended-burnup Driver-fuel Subassembly B-3036
(Calculated burnup: 1.522 at. % max; 1.21 at. % avg)
= »
{0 SR e Total Volume Swelling
Injection- Content Number Burnup of Fuel (AV/V) (%)
casting of Fuel of Range
Batch No. (ppm) Elements (at. %) Average Range
32 IH 90 2 1.30-1.46 16.0 15.0-17.0
33 1IH 102 24 1.28-1.52 13.80 8:93-15:9
7918 251 5 1.22-1.365 5Tl 4.45-7.44
Average for all elements 12.64
TABLE L.E.12. Fabrication and Irradiation Data for
Extended-burnup Driver-fuel Subassembly B-3038
(Calculated burnup: 1.95 at. % max; 1.55 at. % avg)
Silicon = Total Volume Swelling
Injection- Content Number Burnup of Fuel (AV/V) (%)
casting of Fuel of Range
Batch No. (ppm) Elements (at. %) Average Range
074 IH 390 91 1.58-1.92 Bl 5.9-10.5
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TABLE I.E.13. Fabrication and Irradiation Data for
Extended-burnup Driver-fuel Subassembly B-3042

(Calculated burnup: 1.71 at. % max; 1.36 at. % avg)

B g i EBI"'me“t Total Volume Swelling
Inject.lon- Content umber urnup of Faal (AV/V) %)
casting of Fuel of Range
Batch No. (ppm) Elements (at. %) Average Range
88 II 320 12 1.47-1.72 11.05 8.0-15.75
89 IH 515 19 1.43-1.66 5.70 4.63-7.27
Average for all elements 7.77
TABLE I.E.14. Fabrication and Irradiation Data for
Extended-burnup Driver-fuel Subassembly B-3046
(Calculated burnup: 1.75 at. % max; 1.39 at. % avg)
. , Sibicer ez Total Volume Swelling
Injection- Content Number Burnup of Fuel (AV/V) (%)
casting of Fuel of Range
Batch No. (ppm) Elements (at. %) Average Range
085 II 289 iLg) 1.48-1.61 13.4 9.6-16.7
086 II 340 74 1.48-1.66 11.4 6.5-16.9
092 1H 420 2 1.64-1.66 8.1 8.0-8.2
Average for all elements 11.6
TABLE L.E.15. Fabrication and Irradiation Data for
Extended-burnup Driver-fuel Subassembly B-3047
(Calculated burnup: 1.73 at. % max; 1.37 at. % avg)
ili El
e pilicen Soncnn Total Volume Swelling
Injection- Content Number Burnup of Fuel (AV/V) (%)
casting of Fuel of Range a5 £
Batch No. (ppm) Elements (at. %) Average Range
086 II 414 11 1.59-1.70 8.43 7.44-9.42
087 II 341 20 1.41-1.60 8.69 6.1-13.8
Average for all elements 8.6
TABLE L.E.16. Fabrication and Irradiation Data for
Extended-burnup Driver-fuel Subassembly B-3048
(Calculated burnup: 1.73 at. % max; 1.38 at. % avg)
Silicon Element 3
Injection- Content Number Burnup Totfal Voll\‘(\;ne/SWellmg
casting of Fuel of Range of Bue V/V) (%)
Batch No. (ppm) Elements (at. %) Average Range
087 II 341 i3/ 1.46-1.69 12.82 8.98-16.30
088 II 320 16 1,40-1.72 11.68 6.16-15.34
092 IH 429 1 1.43 5.53

Average for all elements

1013
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TABLE 1.LE.17. Fabrication and Irradiation Data for
Extended-burnup Driver-fuel Subassembly B-387

(Calculated burnup: 1.73 at. % max; 1.39 at. % avg)

Silicon Element Total Vol :
Injection- Content Number Burnup 0!{3 IR L
casting of Fuel of Range gine! (AV/V) (%)
Batch No. (ppm) Elements (at. %) Average Range
9 IH 390 12 1.52-1.64 9.13 6.83-13.47
10 IH 390 15 1.50-1.60 8.40 6.48-10.87
11 IH 300 3 1.46-1.47 T2 6.0-8.2

Average for all elements 8.58

8. Operation with Failed Fuel (R. R. Smith)

Last Reported: ANL-7618, pp. 62-69 (Sept 1969).

a. Defective Claddings on EBR-II Driver Fuel Elements
(G. S. Brunson)

(i) Defect above Sodium Level. The fuel element selected for
this experiment was pin No. 3, Batch 115 IH, which in the course of routine
top-weld tests was found to have a defect equivalent to a cylindrical hole
approximately 1/2 mil in diameter. During the bonding operation, the hole
apparently became plugged with sodium or sodium oxide. The test specimen
was assembled into a standard fuel subassembly and inserted in the core.
At the end of Run 38B, the specimen had undergone the following irradiation

history: .
Reactor Dates Exposure Peak Accumulated
Run Position (1969) (Mwad) Burnup (at. %)
34B 3Cl1 May 14 310 0.10

Basket May 28

37A 3F2 Aug. 2 1196 0.49
Basket Sept. 1

38B 3B1 et 1 600 0.70
Basket et 17

At the end of Run 38B, there was some evidence which
suggested that release of fission products from the test specimen might
have taken place. However, the evidence also could have arisen from one or
more inadvertent defects in driver elements. Therefore, consideration
is now being given to repeating the experiment with a fuel element that has
a larger drilled defect in the region of the upper weld.
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(ii) Defect below Sodium Bond and Fuel Level. A technique has
been developed for producing a defective fuel element to serve as a test
specimen for this experiment. The steps are as follows:

1. A slot 40 mils wide and 40 mils deep is machined across
the top of a standard spade.

2. A 30-mil hole is drilled axially upward through the
spade until a pimple becomes visible in the bottom of the slot.

3. A laser penetration of 1-3 mils in diameter is made at
the center of the pimple.

4, The spade is then welded in the usual fashion to a
standard jacket, and a leaktest is made to establish that the hole is still open.

5. The hole is then covered with a weld, and the jacket is
retested to ensure that the leak has been sealed.

6. The experimental jacket is then loaded, welded, leak-
tested, bonded, and bond-tested by the normal cold-line procedure.

7. As a last step before incorporating the test element
in a fuel subassembly, the cover weld is drilled through.

This procedure has been followed with four elements to
establish its feasibility. The results were entirely satisfactory in that
leaks were produced and all elements survived bonding operations despite
the fact that the 2000 impacts delivered resulted in substantial peening of the
upper end of the spade. The 40-mil slot served to prevent closure of the leak
from this cause.

b. Studies with Reactor Cover-gas Monitor (G. S. Brunson)

Information relating to recent tests with the reactor cover-gas
monitor (RCGM) was presented in the Progress Report for August 1969,
ANL-7606, pp. 63-66. Illustrations for much of the material presented in
that report are given in the following.

Figure I.E.6 illustrates the equilibrium gamma spectrum "seen"
by the RCGM. In one experiment, the gas sample volume was isolated and
the activity allowed to decay. The spectra observed as a function of time are
also shown. It is interesting to note that a peak identified as 2*Ne (not iden-
tified in Fig. I.E.6) disappears in a very few minutes,

Figure I.LE.7 is the spectrum obtained from an 8-hr-old gas
sample with a GeLi solid-state spectrometer. Because of the age of the
sample, shorter-lived act1v1t1es are missing. A comparable on-line spec-
trum would show lines for ®Ne and for as many as six short-lived Xe and
Kr isotopes.
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Figure I.LE.8 illustrates the
erratic nature of the RCGM response
during a reactor startup. The plot
represents reactor power at a AT of
28°F, which corresponds to approxi-
mately 10 MWt. At that point in the
startup, the fission-product component
in the cover-gas system is small, and
the inventory of the relatively short-
lived **Ne isotope is near saturation.
Figure I.E.9 shows the results during
stable 50-MWt operation. By varying
the flowrate of the secondary sodium,
the bulk sodium temperature was
driven upward a few degrees on a
mild ramp. Here again, the change in
temperature apparently affects the
release rate of ZBNe, the effects of
which are sensed in the '**Xe and **Xe
channels through a change in the
Compton background.

Calculations have been per-
formed in an effort to correlate the

expected generation rate of “Ne with experimental results. ®Ne is generated
in the reaction **Na(n,p)*”’Ne for neutrons having energies in excess of

73



4

%4 MeV. The configuration for Run 27 was assumed to be typical. The
results of the calculations indicated that approximately 3% of the flux fell

in the uppermost energy group. Assuming that the flux in this group has

the shape of the fission tail, it was calculated from existing data for neutron
cross sections that the effective group cross section was 11.5 mb. Since
the quality of available cross-section and spectral data is questionable,
errors in the cross-section value may be as large as factors of 2-3,
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An effective core volume corresponding to 91 subassemblies
was assumed. Such a core contains ~45 liters of sodium weighing = 38 kg
at operating temperature. An average core flux of 2 x 10" n/cmz-sec
(at 50 MWt) and a high energy flux of 6 x 10"* n/cmz-sec also were
assumed. The overall production rate of #Ne is thus

3.8 10*

6 x 30" x S—x x 6x10® x11.5 x 102" = 7 x 10'* 2’Na atoms/sec
\ J 9 —~ J | il
Flux (¢) #Na Atoms (N) Cross

Section (0)
For comparison, the production rate of '**Xe from tramp uranium
is as follows, assuming 7 mg of 2%y as the effective tramp quantity and using

6% as the yield. At 50 MWt, there are~1.5 x 108 fissions/sec, of which

7 %107
23 x 105

x 1.5 x 10" = 4.5 x 10'° fissions/sec
occur in the tramp uranium, yielding
6x10%2x4.5x10" = 2,6 x 10’ atoms/sec of 13*Xe,
Since the ®Ne production exceeds that of **Xe from tramp uranium by more
than five orders of magnitude, it is not surprising that *’Ne does interfere

with monitoring '**Xe and other noble gas fission products.

c. Studies with the Fuel Element Rupture Detector (G. S. Brunson)

The foregoing calculations suggest that other high-energy
reactions, uncommon elsewhere, may be of importance in EBR-II. The
calculated cross section for the reaction 23Na(n,(x)zoF is 5.4 mb. The pro-
duction rate of ¥F per liter of sodium in the core is calculated as

6 x 10" x (8.5x10%/23) x 6 x 102 x 5.4 x107%" = 7.2x 1038 atoms/liter—sec.

2P has an 11-sec half-life, or A = 6 x 1072, and yields a 1.63-MeV gamma in
100% of its disintegrations.

Assuming that the transit time of sodium through the core is
1/10 sec and that two half-lives are required to reach the EBR-II fuel
element rupture detector (FERD) system, the gamma-emission rate for Al
in the FERD geometry would be

(1/10) x 7.2 x 10" x (1/4) x 6 x 1072 = 1.1 x 10" dis/liter-sec.

iz
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For comparison, the measured **Na 50-MWt equilibrium activity
is 0.54 Ci/liter or

0.54 x 3.7 x 10" = 2 x 10" dis/liter-sec,
and the yield is 100% for both 1.37- and 2.76-MeV gammas.

On the basis of energy and disintegration rate, the above
estimates suggest that 2°F might contribute as much as 15% of the gamma
activity in the FERD.

During Run 38B, a gamma chamber was located in place of one
of the neutron counters in the FERD. Although analysis is not complete,
there has been no sudden change in gamma intensity during startup and shut-
down (or reactor trip) as would occur if the 11-sec °°F were a substantial
contributor. The inference is that the estimate for *°F is in error, possibly
through an error in the cross section. This does not rule out the possibility
of other short-lived gamma emitters being in the sodium, which, however,
may be of too low an energy to compete with the hard *Na gammas in
penetrating the 2 in. of lead between the sodium pipe and the detector.
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F. EBR-II Operations

1. Reactor Plant (G. E. Deegan)
Last Reported: ANL-7618, pp. 70-71 (Sept 1969).

Run 38A, the initial reactor run at 62.5 MWt, was completed on
September 28 after 517 MWd at that power level. The reactor then was
operated at 50 MWt for 600 MWd in Run 38B. The reactor was shut down
on October 16 for an extended period of maintenance and for installation of
the instrumented subassembly. The cumulative total of EBR-II operation
is 30,040 MWd.

Operation at 62.5 MWt was satisfactory; however, a problem with
the steam-bypass system was encountered while testing the system with
full bypass flow. Improper response of the bypass valve caused oscilla-
tion of the steam-system flow. A review of the valve and its controller
will be made, and remedial action will be taken.

At the beginning of Run 38B, rod-drop experiments with the stain-
less steel rod were performed at 500 kW, 50 MWt, and again at 500 kW.
The results of the two 500-kW rod drops are being compared. Run 38B,
which was concluded on October 16, was interrupted by two scrams.

Cooldown of the plant began on October 18, and the secondary sys-
tem was dumped the following day. Shutdown activities have begun while
cooldown to ambient is being completed.

The loading changes for Run 38B included the reinstallation or re-
location of experimental and surveillance subassemblies which were re-
moved or relocated for the 62.5-MWt operation during Run 38A. Five new
or reconstituted experimental subassemblies also were loaded. The follow-
ing additional changes were made for Run 38B:

Seven spent driver subassemblies and one depleted-uranium inner-
blanket surveillance subassembly were replaced. The three previously
irradiated Mark-II-fuel subassemblies were reinstalled in the grid, and
three new Mark-II-fuel subassemblies also were installed. One reconsti-
tuted 70%-enriched subassembly was installed, and one controlled-flow
subassembly and the upper-leaky-weld-test subassembly were reinstalled.

After Run 38B, experimental Subassembly XO65A was removed from
the grid for transfer to the Fuel Cycle Facility. Three spent driver sub-
assemblies were replaced by dummies to give increased shutdown margin
during the long shutdown. Control rod No. 6 was removed from position 5F3,
and the position was left vacant for installation of the instrumented

subassembly.
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2. Fuel Cycle Facility (M. J. Feldman)

Last Reported: ANL-7618, pp. 71-78 (Sept 1969).
a.e Euel

(i) Cold-line Production and Assembly. Operation of the cold
line for the production of Mark-IA fuel elements continued. Table L.F.1
summarizes the production activities for September 16 through October 15,
1969, and for the year to date. Two Mark-IA subassemblies were fabri-
cated in the cold line during the month.

(ii) Outside Fuel Procurement

(a) Impact Bonding of Unbonded Vendor Elements. ANL
has impact bonded all the 2179 unbonded elements received from Aerojet-
General Corp. (AGC). A total of 10,000 such elements will be so processed.
Of the 2179 elements bonded, 1979 were accepted. The primary causes of
rejection were voids (112 elements) and low sodium level (67 elements).

(b) Inspection of Vendor Fuel. An additional 225 AGC-
fabricated elements were received this month, but were not inspected. The
current number (as of October 15, 1969) of AGC elements available after
verification inspection is 22,394. This figure does not include unbonded
AGC elements that were impact bonded by ANL.

b. Surveillance (M. J. Feldman, J. P. Bacca, and E. R. Ebersole)

(i) Postirradiation Analysis of EBR-II Fuel (J. P. Bacca)

(a) Surveillance of Vendor-produced Fuel

(1) Fuel-characterization Studies. Listed below, to-
gether with the results of their postirradiation examination, are driver sub-
assemblies that were irradiated as part of the program effort tocharacterize
the performance of AGC fuel.

(A) Subassembly C-2211S (calculated burnup max-
imum, 0.39 at. %). This subassembly contained AGC centrifugally bonded
elements which had been given a "corrective" heat treatment by ANL to
remove preferred orientation (texture) in the fuel pins. The heat treatment
consisted of a 13-hr holding period at 660°C, cooling to room temperature
in air, then a 2-hr heat treatment at 500°C. One thousand impacts were
administered to the fuel elements in the cold-line bonders of the Fuel Cycle
Facility during the 500°C treatment. Postirradiation-examination results
for elements from Subassembly C-2211S are summarized in Tables I.F.2
and I.F.3. As can be seen in Table I.F.2, the "corrective" heat treatment
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TABLE I.F.l, Production Summary for FCF Cold Line

9/16/69 through Total
10/15/69 This Year
Mark IA Mark II Mark IA Mark II

Alloy-preparation runs

New fuel 1 0 11 8

Remelts 1 B 455 3

Total 4 0 26 bl

Injection-casting runs 8 0 36 10
Pins processed

Accepted 728 0 3,496 941

Rejected Z27 0 116 53
Elements welded 569 0 vy 884
Elements rewelded 0 0 0 692
Elements leaktested

Accepted 809 0 3,534 804

Rejected 37 0 88 21
Elements bondtested

Accepted 354 0 3,247 934

Rejected 17 0 336 9
Subassemblies fabricated (cold-line fuel) 2 0 31 6
Bonded elements received from vendor 225 24,313b

Inspected and accepted 0 23,407‘”'c

Inspected and rejected 0 1,240b
Unbonded elements received from vendor 0 2,1794

Impact-bonded, inspected, and

accepted by ANL I 111 15972
Impact-bonded, inspected, and .
rejected by ANL 117 190

Subassemblies fabricated (vendor fuel) 4¢€ 16f

Total elements available for subassembly fabrication as of 10/1 5/69
Cold-line fuel

Mark IA 1,068
Mark II 234
Vendor fuel (Mark IA) 22,3948

2Includes 64 elements in which visual examination of welds indicated that they were not accept-
able for potentially high-burnup experiments.

bTotal includes figures for 1968.

CIncludes fuel elements returned to vendor for rework to correct voids in sodium bond and
after rework sent back to ANL for reinspection.

dTen unbonded vendor elements were set aside for historical samples.

€Each subassembly is made up of a mixture of nonbonded vendor elements that were subse-
quently impact bonded by ANL and of cold-line fuel elements.

Includes subassemblies made up of a mixture of vendor and cold-line fuel elements.

EThis figure does not include vendor elements that were impact bonded by ANL.



TABLE I.F.2. Postirradiation Lengths of Fuel Pins from Subassembly C-2211S
(Calculated burnup: 0.39 at. % max; 0.34 at. % avg)
AGC Fuel Pins
The following as-fabricated AGC fuel elements were subjected to an ANL remedial heat treatment consisting of holding at 660°C for 1-1/2 hr,

cooling in air to room temperature, then heat treating at 500°C for 2 hr in the cold-line bonders, at which time the elements received
1000 impacts.

AGC Batch 200 AGC Batch 295 AGC Batch 399 AGC Batch 500 AGC Batch 575
Element No. Length (in.) Element No. Length (in.) Element No. Length (in.) Element No. Length (in.) Element No. Length (in.)
2 135 i 135 5 135 i 135 6 13,5
13 135 20 135 8 135 10 13.5 9 135
30 135 23 135 24 135 14 135 12 135
3 135 27 135 29 135 2% 13.5 21 135
35 135 56 135 36 135 43 135 2 135
38 135 59 13.5 2 135 51 135 39 135
41 135 70 135 50 135 61 135 4 135
54 135 79 13.5 52 135 69 135 a1 135
60 135 83 135 55 135 14 135 53 135
I 135 87 135 63 135 81 135 65 135
90 135 68 135 8 135 3 135
74 135 91 135 8 135
89 135 86 135

The following AGC as-fabricated elements received no postbonding remedial heat treatment.

AGC Batch 200 AGC Batch 295 AGC Batch 399 AGC Batch 500 AGC Batch 575
Element No. Length (in.) Element No. Length (in.) Element No. Length (in.) Element No. Length (in.) Element No. Length (in.)

17 132 15 13.0 16 131 4 131 1 131
40 131 28 131 3 129 25 132 31 131
46 132 45 13.0 62 13.0 58 131 48 13.0
80 13.0 It 13.0 76 134 8 13.0 66 131

ANL Cold-line Pins

The postirradiation length of each of the fuel pins in the 12 cold-line as-fabricated elements included in this subassembly was 13.5 in.

TABLE |.F.3. Fabrication and Irradiation Data for Subassembly C-2211S
(Calculated burnup: 0.39 at. % max; 0.34 at. % avg)

Silicon Element Total Vol Swelli
Injection- Content Number Burnup el 9. u[rne Pl
casting of Fuel of Range SURRGIENNSAI)
Batch No. (ppm) Elements (at. %) Average Range
AGC Fuel
AG 200 450 15 0.36-0.39 1) 0.1-2.0
AG 295 21 14 0.36-0.39 12 0.6-2.4
AG 399 400 17 0.36-0.39 12 0.8-1.9
AG 500 420 16 0.36-0.39 12 0.8-2.2
AG 575 500 7 0.36-0.39 11l 0.2-2.3
ANL Cold-line Fuel
147 | 415 12 0.36-0.39 18 13-3.5

apparently was effective in eliminating texture in the fuel. This was evi-
denced by the absence of pin shortening and radial growth during irradia-
tion, at least to this burnup level. Irradiation swelling of the fuel, shown
in Table I.F.3, is reasonably consistent with that observed for ANL-
produced fuel.

(B) Subassembly C-2210 (calculated burnup max-
imum, 0.37 at. %). This subassembly contained fuel elements utilizing
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ANL-cast pins which had been either impact bonded by ANL or centrifu-
gally bonded by AGC. Postirradiation data for these elements are summa-
rized in Tables I.F.4 and I.F.5. It can be observed in Table I.F.4 that the
centrifugal bonding (as conducted by AGC) did introduce texture in the ANL
fuel, such as is evidenced by the shortening of the centrifugally bonded
elements during irradiation. This experiment essentially completes the
proof for the hypothesis that centrifugal bonding during fabrication is the
cause of dimensional instability of the AGC driver fuel during irradiation.
Irradiation swelling of the fuel in Subassembly C-2210, as shown in

Table I.F.5, was as expected.

TABLE I.F.4. Postirradiation Lengths of Fuel Pins from Subassembly C-2210
(Calculated burnup: 0.37 at. % max; 0.31 at. % avg)

ANL Batch 145 | ANL Batch 146 | ANL Batch 147 |
AGC Centrifugal Bonding ANL Impact Bonding AGC Centrifugal Bonding ANL Impact Bonding ANL Impact Bonding
Element No. Length (in.) Element No. Length (in.) Element No. Length (in.) Element No. Length (in.) Element No. Length (in.)

1 133 3 135 4 128 2 135 6 13.5
5 13.0 7 13.6 1 13.0 9 135 8 13.5
10 132 13 13.5 v 129 12 13.5 18 125
14 13.0 16 13.5 21 13.0 15 135 32 135
2 13.2 23 135 24 129 19 13.5 38 135
2 13.0 28 13.6 27 13.0 2 135 40 135
30 13.0 34 135 31 12.9 25 13.5 45 13.5
3 131 36 13.6 37 12.9 29 13.5 62 13.5
41 13.0 39 135 L) 12.9 3 136 68 13.6
46 132 43 135 49 12.9 2 135 81 135
51 13.0 48 1855 52 12.9 a7 135 91 134
55 134 53 135 56 129 50 135
58 13.0 60 135 59 13.0 54 135
66 131 64 135 63 129 57 135
70 13.0 67 13.6 69 13.0 61 135
7 13.0 72 135 3 12.9 65 13.5
m 13.0 74 135 76 12.8 ik 13.5
80 13.2 8 13.6 79 129 78 13.5
8 131 8 135 84 12.9 8 13.5
8 13.0 90 135 89 12.9 . 8 135

Average 13.09 13.53 12.92 13.50 13.50

TABLE I.F.5. Fabrication and Irradiation Data for Driver-fuel Subassembly C-2210
(Calculated burnup: 0.37 at. % max; 0.31 at. % avg)

Silicon Element Swelli

Injec@ion— Content Number Burnup To:’a'IF\l/Jt:!lu?AeVI\xe!’ullng
casting of Fuel of Range By P A U RS
Batch No. (ppm) Elements (at. %) Average Range
145 | 480 40 0.34-0.37 19 0.7-5.3
146 | 330 40 0.34-0.37 1.6 0.9-3.7
147 13 475 1L 0.34-0.37 L1 1.2-2.4

a|mpact-bonded cold-line fuel.

(C) Subassembly C-2182 (calculated burnup max-
imum, 0.88 at. %). This subassembly contained only AGC centrifugally
bonded elements and represents the highest burnup achieved to date for
elements "as-provided" by AGC. Tables I.LF.6 and I.F.7 show postirradia-
tion data obtained for the elements. It can be observed in Table I.F.6 that
fuel-pin shortening has continued beyond that observed earlier for similar




fuel irradiated in Subassembly C-2178 to a peak burnup of 0.6 at. %. As
shown in Table I.F.6, maximum shortening of 1.1 in. has resulted in one
pin (AGC Batch 119, Element No. 14). Preliminary analysis of measure-
ments of element (pin plus cladding) diameter does not indicate that diame-
tral straining of the cladding has occurred as a result of the shortening
and accompanying diametral growth of the fuel pins and as a result of the
inherent irradiation swelling of the fuel at this burnup level. Irradiation
swelling of the fuel, shown in Table I.F.7, appears to be much as expected.

TABLE I.F.6. Postirradiation Lengths of Fuel Pins in Subassembly C-21822
(Calculated burnup: 0.88 at. % max; 0.74 at. % avg)

AGC Batch 100 AGC Batch 107 AGC Batch 112 AGC Batch 114
Element No. Length (in.) Element No. Length (in.) Element No. Length (in.) Element No. Length (in.)

6 12.6 3 12.5 13 